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1. Introduction

Brain tumors are the leading cause of cancer-related death in children, and 

medulloblastoma is the most common malignant pediatric brain tumor. Although overall 

survival rates have improved in recent years, the mortality rate remains significant. 

Hence, new insights into the molecular mechanisms controlling medulloblastoma 

development are essential for improving clinical trial design, and developing molecularly 

targeted therapies. Shh signaling pathway plays important roles in many development 

processes and adult homeostasis. Elevation of Shh target gene expression has been 

associated with the initiation and /or maintenance of a large spectrum of cancer types, 

among which medulloblastoma is one of the most well-known Shh-dependent cancer 

type. During early postnatal cerebellum development, Shh is required for CGNP 

proliferation. However, overactive Shh pathway causes CGNP over-proliferation and 

medulloblastoma. Among all the genetic defects, mutations resulting in an overactive 

Shh signaling in cerebellum granule neuron precursors (CGNPs) are the leading cause 

of the childhood medulloblastoma and are responsible for ~25% of occurrences (Shh-

subtype). Shh signaling pathway mediated by Patched (Ptch1) and Smoothened (Smo) 

controls target gene expression by differentially regulating activity of Gli family of 

transcription factors. The regulation of mitogenic target genes by Shh/Gli in cerebellum 

is critical for CGNP proliferation and medulloblastoma formation.  

Mammalian SWI/SNF like BAF (Brg1/Brm associated factors) chromatin 

remodeling complexes regulate transcription by modulating chromatin structures. It has 

been shown that depending on the tissue contexts, BAF complexes can either promote 

or suppress tumor development by regulating different sets of target gene transcription 

in a context-dependent manner. Recently, we have shown that Brg1, the core subunit of 

BAF complexes, interacts with Gli transcription factors and is required for activating 

Shh-induced target gene transcription. Brg1-deletion resulted in reduced proliferation of 

CGNPs in developing cerebellum due to impaired Shh-activated target gene 

expression, indicating that Brg1 is required for Shh-dependent CGNP proliferation. 

Thus I hypothesize that Brg1 is required for Shh-subtype medulloblastoma growth and 

progression. In the study I use SmoM2-mouse model and breed with Brg1 conditional 

knockout allele to test the hypothesis. Those studies for molecular mechanism of 

medulloblastoma growth at chromatin level will provide insights for drug development 

and therapy of pediatric brain tumor and other Shh-dependent tumor.  

2. Keywords

BAF complex, Brg1, medulloblastoma, Gli1, Atoh1, CGNP, transplantation 
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3. Accomplishments

3.1 Major goal of the study 

The major goal of the study is to investigate the role of a chromatin remodeler Brg1 in 

medulloblastoma initiation and maintenance.  

3.2 Accomplishments under the goals 

3.2 .1 Major activities 

I. Design and perform research experiments to determine the role of Brg1 in 

medulloblastoma initiation and maintenance. 

II. Analyze experiment results and publish the result in peer-review journals

III. Communicate with the peers in the same field for career development.

3.2 .2 Specific objectives 

Aim1. Determine the function of Brg1 in SmoM2-induced medulloblastoma formation. 

Using a CreER-LoxP system, I will induce Brg1 deletion before tumor formation in a 

mouse model of Shh-subtype medulloblastoma to determine the function of Brg1 in 

medulloblastoma formation. Cerebellar medulloblastoma formation rate, tumor size, grade 

and Shh target gene expression will be compared between the mice with or without Brg1. 

Aim2. Determine the function of Brg1 in SmoM2-dependent tumor progression and 

maintenance.  

To determine Brg1 function in Shh-subtype medulloblastoma progression and 

maintenance, I will delete Brg1 after tumor formation in cultures or in transplanted 

environment to determine the effects on tumor cell proliferation, cell survival, clonogenic 

growth abilities and the allograft tumor formation in nude mice.  

Aim3. Identify Brg1/BAF interacting co-activators of Shh signaling in medulloblastoma. 

To understand the mechanisms underlying Brg1 function in Shh target gene activation and 
Shh-dependent medulloblastoma, I will use a state-of-the-art proteomic approach 
developed by Dr. Wu and others from Dr. Crabtree’s lab in Stanford University to identify 
BAF-interacting proteins in Shh-activated medulloblastoma. These co-factors are 
candidate regulators of Shh signaling in cancers. 

3.2 .3 Significant results or key outcomes 

Task 1. Determine the function of Brg1 in SmoM2-induced Medulloblastoma 

formation (Month 1-36) 
1A. Determine the function of Brg1 Smo-M2 dependent CGNP over-proliferation in vitro. 
(Month 1-18) 

Using an inducible mouse model of medulloblastoma with a SmoM2-YFP mutant 
gene (a point mutation in Smoothened) knocked-in at the Rosa26 locus downstream of a 
LoxP-flanked stop signal (1) , and an inducible Actin-CreER transgene, as well as a 
conditional Brg1 null allele, we bred different genotypes: wt, Brg1

 iKO
, Smo, and Smo Brg

ikO
, to determine Brg1 function in CGNPs. We showed that cultured SmoM2 CGNPs 
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display increased expression of Gli1 (the most faithful and sensitive Shh target gene) 
compared to wild-type cultures (Figure 1B). Conditional knockout of Brg1 decreased Gli1 
protein level, and CGNP proliferation indicated by BrdU staining. We found Brg1 deletion 
reduced the SmoM2-dependent mitogenic target gene expression (Figure 1C). In contrast, 
b-tubulin and GFAP were not changed (Figure 1B). These experiments suggested that 
Brg1 is required for SmoM2-induced Shh target gene expression and CGNP proliferation. 

Figure 1. Brg1 is required for SmoM2 CGNP proliferation and the expression of key 

regulatory genes. 

A-C. Deletion of Brg1 from CAG-CreER SmoM2 CGNP cultures (after 3 day 4-hydroxytamoxifen 

treatment) led to decreased proliferation as shown (A) by staining of incorporated BrdU (n=3) 

and by decreased expression of known medulloblastoma genes as shown by (B) western blot 

and (C) RT-qPCR. 

1B. Determine the function of Brg1 in SmoM2-dependent medulloblastoma formation. 
(Month 6-36) 

To determine the function of Brg1 in SmoM2-dependent medulloblastoma 
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Figure 1 Brg1-deletion in cultured SmoM2-MB decreased mitogenic target gene expression 
and tumor growth A) Gli1 protein level decreased by knockout of Brg1 in cultured MB cells 
showed by Western blot. B) qRT-PCR analysis showed the decrease of mitogenic target 
genes at the mRNA in cultured MB cells. C) ATP viability assay of MB cultures treated with 
tamoxifen for 3 days. Student’s t-test: *, P<0.05; **, P<0.01. 

formation, we bred above-mentioned mice using Nestin-creER. One injection of tamoxifen 
is expected to induce the expression of SmoM2 and deletion of Brg1. However, since 
activity of CreER system depends on the Cre expression level and tamoxifen delivery 
efficiency, deletion of Brg1 and expression of SmoM2 may occur in a mosaic pattern. The 
resulting tumor formation rate and survive curve from Brg1 

+/+
 and Brg1 

F/F
 mice tended to

be different but not significant (data not shown). Interestingly our preliminary data showed 
Brg1

 +/-
 heterozygote may have a different phenotype comparing to Brg1

 +/+
 in SmoM2-

dependent target gene expression and tumor growth.  
As an alternated plan, we bred SmoM2 Math1-Cre, Brg1

 F/F
, F/+ or +/+ mice to

analyze the function of Brg1 in SmoM2-dependent medulloblastoma initiation and 
formation. Math1-cre is expressed in CGNP cells. It induces SmoM2 expression and Brg1 
deletion in the same cells. The data showed so far 66% Brg1 wild type mice died from 
medulloblastoma, the percentage of dead Brg1 F/+, F/F mice was down to 27%, 9% 
respectively. The survival curve of Brg1 F/F mice was significantly different from that of 
Brg1 +/+ mice (Appendices-1 Figure 2B). These data suggested that Brg1 deletion can 
efficiently inhibit growth of medulloblastoma in vivo.  

Task 2. Determine function of Brg1 in SmoM2-dependent tumor progression and 

maintenance (Month13-36). 
2A. Determine the requirement of Brg1 for SmoM2 medulloblastoma primary culture 
cancer phenotypes.(Month 13-30) 
In this part we have determined the roles of Brg1 in primary cultured medulloblastoma and 
in tumor progression by allograft transplantation.  

Development of Shh-dependent medulloblastoma requires an active Shh pathway 
for maintenance and progression. It has been reported that 40% of SmoM2, Actin-CreER 
mice develop medulloblastoma due to leakage of the CreER activity (1). Indeed we have 
observed the occurrence of similar tumors in the Brg1

 iKO
 SmoM2 Actin-CreER mice

without tamoxifen induction. However, the weak Cre activity without tamoxifen is not 
sufficient for Brg1 deletion (data not shown).  

To determine the role of Brg1 in medulloblastoma growth, we first in vitro cultured 
medulloblastoma cells formed due to Cre leakage in Brg1

 iKO 
SmoM2 Actin-CreER mice at
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Figure 3 Brg1 is required for tumor progression by subcutaneously transplantation in SCID-
NOD mice. Tumor A) and the genotyping B) dissected from transplanted mice injected with 
tamoxifen 3 days after transplantation. 

P60. 4-hydroxy tamoxifen (4OHT) was added to the culture to induce Brg1 deletion (Figure 
2A). After 3 days in culture, Brg1 was effectively deleted in 4OHT-treated cultures. 
Deletion of Brg1 led to significant reduction of Gli1, Ptch1 expression (Figure 2A, B), and 
the mitogenic target gene CcnD1 in medulloblastoma cultures (Figure 2B). Deletion of 
Brg1 also inhibited medulloblastoma growth as shown by an ATP viability assay in the 
cultured cells (Figure 2C). 
 
 
2B. Determine Brg1 function in allograft tumor formation by SmoM2 medulloblastoma 
after transplantation. (Month 20-36) 

To determine the requirement of Brg1 for SmoM2 medulloblastoma allograft tumor 
formation ability, freshly prepared small tumor pieces of Brg

 F/+
 SmoM2 Actin-CreER was 

injected/transplanted subcutaneously into the flank regions of immunodeficient SCID-NOD 
mice. Three days after transplantation, the recipient SCID-NOD mice were injected with 
tamoxifen every other day for 10 times to induce Brg1 deletion in allograft tumors. The Brg

 

F/+
 tumor size after injection of tamoxifen (Tam, (Figure 3A)) was significant smaller than 

the control in which oil was injected. In contrast, no such changes were found in Brg
 +/+

 
tumor transplantation (Figure 3A).  The genotyping of these tumors further confirmed the 
transplanted tumor type and deletion of one allele Brg1 after injection of tamoxifen (Figure 
3B). These data together indicated Brg1 reduction inhibited medulloblastoma progression 
and maintenance.  

The Brg
 F/F

 tumor size after injection of tamoxifen was statistically significant smaller than 
the control in which oil was injected (Appendices-1 Figure 2D). Biochemistry analyses 
showed Brg1 was deleted by tamoxifen treatment, and Shh target genes Ptch1, CcnD1 
and N-myc Gli1 were dramatically decreased by deletion of Brg1 (Appendices-1 Figure 
3A,B). We found the important transcription factor Gli2 and Atoh1 decreased by Brg1 
deletion (Appendices-1 Figure 3A,B), suggesting transcription circuits was greatly changed 
after Brg1 deletion.  
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These data together indicated Brg1 reduction inhibits medulloblastoma progression and 
maintenance. We then investigated whether the proliferation was decreased by Brg1 
deletion. The transplanted tumor tissue was stained with proliferation marker H3P and 
BrdU. All these markers were significantly decreased in Brg1 deleted tumors induced by 
tamoxifen treatment (Appendices-1 Figure 2E). 

Task 3. Identify Brg1/BAF interacting co-activators of Shh signaling in 

medulloblastoma (Month 13-36). 
Our previous studies have suggested that BAF complex activates Shh-induced 

transcription by recruiting other unidentified co-activators to Shh target genes, and our 
previous aim was to investigate the Brg1/BAF complex interacting protein in 
medulloblastoma development. However, based on the current data, Brg1 deletion already 
made systematic changes to limit medulloblastoma growth. To understand the 
mechanisms underlying Brg1 function in Shh target gene activation and Shh-dependent 
medulloblastoma, we have modified subaims to use RNA-seq to determine know the 
global changes of all genes and to use a proteomic approach (2) to identify BAF-
interacting proteins in Shh-activated medulloblastoma. Meanwhile, using ChIP-seq we 
analyze the regulatory mechanism of Brg1 in medulloblastoma development. Regarding 
protemic analysis, the BAF-interacting co-activators will be good candidates for mediating 
Shh-induced gene activation and for Shh-dependent tumor formation. We confirmed 
interaction between Brg1 and Gli1, Rest and Atoh1 in the medulloblastoma tissue (Figure 
4A), indicating the tissue is a feasible resource to probe the interaction proteins important 
in medulloblastoma development.  

Figure 4. Endogenous Brg1 interacts with Gli1, Atoh1 and REST in SmoM2 

medulloblastoma. 

A. SmoM2 medulloblastoma lysates were immunoprecipitated with antibodies against Brg1 

followed by western blot using antibodies against Brg1, Gli1, Atoh1 and REST.  B. ChIP-qPCR 
indicates a reduction of REST binding to the NeuroD2 regulatory region upon Brg1 deletion in 
tamoxifen treated Brg1F/F primary SmoM2 medulloblastoma. 

As to RNA-seq, we injected the mice Brg1+/+ and Brg1 F/F suffering 
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medulloblastoma with tamoxifen every another days for 20 days. The primary tumor tissue 
was confirmed with the Brg1 deletion and the decrease of mitogenic genes. Then, total 
RNA was extracted from the tissue and ran for RNA-seq. Results showed that 1517 genes 
were changed by deleting Brg1. Almost half of the genes overlapped with SmoM2-
regulated genes in medulloblastoma formation (1). Among these 1517 changed genes, 
the down-regulated genes by Brg1 deletion matched well with the upregulated genes by 
SmoM2 transgene, and vice versa (Appendices-1 Figure 3D).  GO analysis clearly showed 
those downregulated genes by Brg1 deletion consisted of proliferation genes, such as cell 
cycle, DNA binding, hedgehog, Wnt and Notch signaling (Appendices-1 Figure 3E). The 
up-regulated genes are most neuronal associated genes. Hence, Brg1 deletion efficiently 
inhibits the SmoM2 effects in medulloblastoma formation.  

To identify direct Brg1 target genes, we performed Brg1 ChIP-seq in SmoM2 
medulloblastoma. Approximately 37 million reads were obtained, and more than 20 
million reads were uniquely mapped to the genome. We analyzed the data using the 
SICER program that is specifically designed for analysis of ChIP-seq data of chromatin 
regulators(3). We identified 5727 significant Brg1-binding regions with an average size 
of 2.4 kb; this number of binding regions is similar to those obtained in Brg1 ChIP-seq 
studies performed in other tissues (4, 5). Most Brg1-binding regions (70%) are in gene 
bodies or within 5 kb upstream or downstream; 30% are in the intergenic regions 
(Appendices-1 Figure 4A).  The analysis of the distribution of Brg1-binding regions in 
gene units showed enrichment close to the transcription start sites (Appendices-1 
Figure 4B). From the 5727 Brg1-binding regions, we identified 3841 genes with a Brg1-
binding region overlapping with the gene body or 5-kb surrounding regions (data not 
shown).  The intersection of the gene set bound by Brg1 with the Brg1-regulated genes 
identified from primary medulloblastoma yielded 399 genes that are likely direct targets 
of Brg1 (Appendices-1 Figure 4C, and excel data not shown).  
 

The analyses of Brg1 targetome provide insights into the mechanisms underlying 
the essential function of Brg1 in Shh-type medulloblastoma. We found that Brg1 
regulates important transcriptional regulatory pathways in medulloblastoma including 
the targetomes of Gli1, Atoh1, and REST. Gli binding sites have been identified in 
another mouse model of Shh-type medulloblastoma (6). Despite using the different 
tumor models, we observed a high overlap between Gli1 binding genes and Brg1 
binding genes. Within 1169 Gli binding genes, 557 contain Brg1-binding regions (48%, 
p=1.2e-206, Appendices-1 Figure 4C). In many target genes, putative Brg1 and Gli1 
binding regions are in close proximity (Appendices-1 Figure 4G), suggesting that Gli1 
recruits the Brg1 co-activator complex to the Gli regulatory regions. Consistently, we 
observed an interaction between endogenous Gli1 and Brg1 in medulloblastoma cells 
(Figure 4A). These data indicate that the essential co-activator function of Brg1 is not 
limited to a few known Gli1 target genes, but can be applied to the Gli1 targetome in 
medulloblastoma.  
 

Of the 557 genes co-occupied by Brg1 and Gli1, 82 genes were regulated by 
Brg1.  Brg1 deletion led to decreases in expression of Gli1-activated known oncogenic 
genes Gli1, N-myc, and Ccnd1 (Appendices-1 Figure 3B, excel data not shown) and 
potential oncogenic genes such as Akna, Foxo6, and Sox18  (6) (Appendices-1 Figure 
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4H, excel data not shown). In addition, expression levels of Notch and Hippo pathway 
genes such as Hes5, Hey1 (also Gli1 targets), Jag1, and Tead1 as well as Wnt 
pathway inhibitors Wif1 and SFRP1 (also Gli1 targets) decreased after Brg1 deletion 
(Appendices-1 Figure 4H). It has been shown that active Notch and Hippo signaling 
pathways positively regulate Shh-type medulloblastoma (7), whereas the Wnt pathway 
inhibits it. Therefore, these data suggest that Brg1 coordinates the crosstalk between 
signaling pathways to facilitate Shh-activated medulloblastoma development.  
 

In CGNPs and Shh-type medulloblastoma, Atoh1 is necessary for cell-type 
specification and cell identity maintenance. It also regulates CGNP and 
medulloblastoma proliferation, mainly by activating Gli2 expression. The Atoh1 
targetome has been identified in early postnatal CGNPs, where Shh signaling is active 
29

. Many Atoh1 target genes in CGNPs likely also play important roles in maintaining 
medulloblastoma cell identity and proliferation. Within the 582 high stringency Atoh1 
targets, 251 genes (43%) were also bound by Brg1 (Appendices-1 Figure 4D). Of these, 
48 were regulated by Brg1 including potent medulloblastoma oncogenes Gli2, Atoh1, 
CXCR4, Tgif1, and Aurkb (Appendices-1 Figure 3B, 4D, 4G, 4H), which are likely direct 
targets of Brg1. The targeting of Brg1 to Atoh1 binding genes is likely mediated through 
the interaction between Atoh1 and Brg1. We observed that endogenous Atoh1 co-
immunoprecipitated with Brg1 in SmoM2 medulloblastoma (Appendices-1 Figure 4). 
We next analyzed the specificity of Brg1 in regulating target genes and non-target 
genes of Gli1 and Atoh1. Of the genes containing neither Gli1 nor Atoh1 binding sites 
(Gli1-/Atoh1-), less than 15% were occupied by Brg1. In contrast, 38% of the Gli1-
/Atoh1+ genes, 46% of the Gli1+/Atoh1- genes, and 66% of the Gli1+/Atoh1+ (73/110) 
genes were co-occupied by Brg1 (Appendices-1 Figure 4E). The highly enriched Brg1 
occupancy in the target genes of Gli1 and/or Atoh1 indicates that Brg1 specifically 
controls the transcriptional circuitry involved in medulloblastoma identity and 
proliferation.  
 

Inhibition of several known tumor suppressors significantly enhances the 
formation and growth of mouse models of Shh-type medulloblastoma. Notably, Brg1 
deletion led to an increase in expression of specific tumor suppressor genes and genes 
known to be involved in neuronal function and synaptogenesis (Appendices-1 Figure 
3E). In medulloblastoma, tumor cells maintain a progenitor state and inhibit neuronal 
gene expression. It is thought that REST functions as an oncogene by repressing 
expression of neuronal genes and inhibiting differentiation.  Many REST target genes 
(e.g., Nrxn2, Nrxn3, and NeuroD2) were derepressed upon Brg1 deletion (Appendices-
1 Figure 4F, 4H). Although the target genes of REST in CGNPs and medulloblastomas 
are not known, the REST targetome identified in embryonic stem cells, where most of 
the neuronal genes are repressed, may encompass many REST target genes in 
cerebellum. A comparison between Brg1-repressed genes (1077) with REST binding 
genes (1775) in embryonic stem cells yielded 198 (p=1.8e-32) commonly repressed 
genes. Of these, 62 are also bound by Brg1 (p=4.9e-18) (Appendices-1 Figure 4F). 
This indicates that Brg1 positively regulates the repression function of REST to inhibit 
neuronal gene expression and to allow medulloblastoma to grow. We observed the 
interaction between endogenous Brg1 and REST in smoM2 medulloblastoma (Figure 
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4A). Deletion of Brg1 led to reduced REST binding to one target gene NeuroD2 (Figure 
4B). These results confirmed a previous report that REST recruits BAF complexes to 
target genes whereas BAF complexes further facilitates REST binding . In addition, 
Brg1 repressed potential tumor suppressors with mutations identified in Shh-type 
medulloblastoma such as LRP1B, Syne1, and Pde4D 

30
. In contrast, potential tumor

suppressor genes such as DDX3x, TCF4, and NcoR found in multiple types of 
medulloblastomas (8-10) were not significantly changed upon Brg1 deletion 
(Appendices-1 Figure 4H). Therefore, by a coordinated regulation of specific oncogenic 
and tumor suppressing transcription circuits, Brg1 supports SmoM2 medulloblastoma 
development.   

In addition, recently we found that an H3K27me3 demethylase Jmjd3 is required for 
Shh signaling pathway in development and medulloblastoma growth through modulating 
histone modification (11). We hypothesized that Brg1 may coordinate with Jmjd3 to 
maintain the H3K27me3 around Shh target gene regulatory regions. Indeed, we found that 
the H3K27me3 levels at global and the Gli1, Atoh1 promoter regions were significantly 
upregulated (Appendices-1 Figure 5A, C, D). It was reported that Brg1 interacts with Jmjd3 
to regulate target gene expression (12). To determine whether Jmjd3 recruitment was 
affected by BAF complex through Brg1, we carried out ChIP-Jmjd3 experiment in primary 
CGNP cultures treated with 4OHT to delete Brg1. Results indicated that Jmjd3 binding at 
Gli1 regulatory region was significantly decreased when Brg1 was deleted (Appendices-1 
Figure 5F). These data taken together showed Brg1 cooperates with histone modifiers, 
such as Jmjd3, to regulate Shh target genes in medulloblastoma development.  

In summary, our study reveals an epigenetic mechanism that controls specific 
transcription programs essential for Shh-type medulloblastoma development. Future 
functional epigenome studies will elucidate the specific epigenetic regulations of each 
tumor subtypes and will provide targets for development of the much needed subtype-
specific treatments for medulloblastoma patients. 
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3.2 .4 Other achievements 

Promote from Postdoctoral researcher to Instructor. 

3.3 Opportunities for training and professional development provided by the project 

Nothing to report 

3.4 How were the results disseminated to communities of interest? 

I. Present in international meeting 

II Publish high impact papers in peer-reviewed journal 

3.5 Plan to do during next reporting period 

Nothing to report 
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4. Impact

Epigenetic regulation of gene expression provides new mechanisms and therapeutic 

targets for cancer researches. My proposal focuses on the role of an epigenetic 

regulator Brg1 in Shh signaling-dependent medulloblastoma, which is the most 

common brain tumor of childhood. Successfully, my proposal provided significant 

insights into the epigenetic regulation mechanism of medulloblastoma and also another 

layer of treatment option by targeting Brg1. Besides medulloblastoma, many other 

cancers require elevated Shh activity for initiation and/or maintenance. The 

mechanisms and potential treatments identified in this proposal could readily have a 

much broader application and profound impact. Thus the findings gained from the 

project are highly relevant to the health of the military families and their children as well 

as general public. 
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5. Changes/Problems

Aim1: To determine the function of Brg1 in SmoM2-dependent medulloblastoma 
formation, we previously bred above-mentioned mice but using Nestin-creER. One 
injection of tamoxifen is expected to induce the expression of SmoM2 and deletion of 
Brg1. However, since activity of CreER system depends on the Cre expression level 
and tamoxifen delivery efficiency, deletion of Brg1 and expression of SmoM2 occured in 
a mosaic pattern. The resulting tumor formation rate and survival curve from Brg1 

+/+

and Brg1 
F/F

 mice has a trend to be different but the difference is not significant. As an
alternated plan, we bred SmoM2 Math1-Cre, Brg1

 F/F
, F/+ or +/+ mice to analyze the

function of Brg1 in SmoM2-dependent medulloblastoma initiation and formation. Math1-
cre is expressed in CGNP cells. It induces SmoM2 expression and Brg1 deletion in the 
same cells. The data showed so far 66% Brg1 wild type mice died from 
medulloblastoma, the percentage of dead Brg1 F/+, F/F mice was down to 27%, 9% 
respectively. The survival curve of Brg1 F/F mice was significantly different from that of 
Brg1 +/+ mice. These data suggested that Brg1 deletion can efficiently inhibit growth of 
medulloblastoma in vivo.  

Aim 3: Our previous studies have suggested that BAF complex activates Shh-induced 
transcription by recruiting other unidentified co-activators to Shh target genes, and our 
previous aim was to investigate the Brg1/BAF complex interacting protein in 
medulloblastoma development. However, based on the current data, Brg1 deletion 
already made systematic changes to limit medulloblastoma growth. To understand the 
mechanisms underlying Brg1 function in Shh target gene activation and Shh-dependent 
medulloblastoma, we have modified subaims to use RNA-seq to determine know the 
global changes of all genes and to use a proteomic approach to identify BAF-interacting 
proteins in Shh-activated medulloblastoma. Regarding proteomic analysis, the BAF-
interacting co-activators will be good candidates for mediating Shh-induced gene 
activation and for Shh-dependent tumor formation. We confirmed interaction between 
Brg1 and Gli1, REST and Atoh1 in the medulloblastoma tissue, indicating the tissue is a 
feasible resource to probe the interaction proteins important in medulloblastoma 
development.  

As to RNA-seq, we injected the mice Brg1+/+ and Brg1 F/F suffering 
medulloblastoma with tamoxifen every another days for 20 days. The primary tumor 
tissue was confirmed with the Brg1 deletion and the decrease of mitogenic genes. 
Then, total RNA was extracted from the tissue and ran for RNA-seq. Results showed 
that 1517 genes were changed by deleting Brg1. Almost half of the genes overlapped 
with SmoM2-regulated genes in medulloblastoma formation. Among these 1517 
changed genes, the downregulated genes by Brg1 deletion matched well with the 
upregulated genes by SmoM2 transgene, and vice versa.  GO analysis clearly showed 
those downregulated genes by Brg1 deletion consisted of proliferation genes, such as 
cell cycle, DNA binding, hedgehog, Wnt and Notch signaling. The upregulated genes 
are most neuronal associated genes. Hence, Brg1 deletion efficiently inhibits the 
SmoM2 effects in medulloblastoma formation.  
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In addition, recently we found that an H3K27me3 demethylase Jmjd3 is required for 
Shh signaling pathway in development and medulloblastoma growth through 
modulating histone modification (Shi et al., Nature communications 2014). We 
hypothesized that Brg1 may coordinate with Jmjd3 to maintain the H3K27me3 around 
Shh target gene regulatory regions. Indeed, we found that the H3K27me3 levels at 
global and the Gli1 and Atoh1 promoter regions were significantly upregulated. It was 
reported that Brg1 interacts with Jmjd3 to regulate target gene expression. To 
determine whether Jmjd3 recruitment was affected by BAF complex through Brg1, we 
carried out ChIP-Jmjd3 experiment in primary CGNP cultures treated with 4OHT to 
delete Brg1. Results indicated that Jmjd3 binding at Gli1 regulatory region was 
significantly decreased when Brg1 was deleted. These data taken together showed 
Brg1 cooperates with histone modifiers, such as Jmjd3, to regulate Shh target genes in 
medulloblastoma development.  

In summary, with small modifications of the original proposal, I successfully 
accomplished the major goal of the proposal determined the function of Brg1 in Shh-
type medulloblastoma and revealed molecular mechanisms underlying its function. This 
study will also shed light on Brg1 function in many other tumors.  
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Abstract  

 

Recent large-scale genomic studies have classified medulloblastoma into four subtypes: 

Wnt, Shh, Group 3, and Group 4. Each is characterized by specific mutations and distinct 

epigenetic states. Previously we showed that a chromatin regulator SMARCA4/Brg1 is 

required for Gli-mediated transcription activation in Sonic hedgehog (Shh) signaling. We 

report here that Brg1 controls a transcriptional program that specifically regulates Shh-type 

medulloblastoma growth. Using a mouse model of Shh-type medulloblastoma, we deleted 

Brg1 in pre-cancerous progenitors and primary or transplanted tumors. Brg1 deletion 

significantly inhibited tumor formation and progression. Genome-wide expression analyses 

and binding experiments indicate that Brg1 specifically coordinates with key transcription 

factors including Gli1, Atoh1, and REST to regulate the expression of both oncogenes and 

tumor suppressors that are required for medulloblastoma identity and proliferation. Shh-

type medulloblastoma displays distinct H3K27me3 properties. We demonstrate that Brg1 

modulates activities of H3K27me3 modifiers to regulate expression of medulloblastoma 

genes. Brg1-regulated pathways are conserved in human Shh-type medulloblastoma, and 

Brg1 is important for the growth of a human medulloblastoma cell line.  Thus, Brg1 

coordinates a genetic and epigenetic network that regulates the transcriptional program 

underlying Shh-type medulloblastoma development.  
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Introduction 

Medulloblastoma is the most common malignant childhood brain tumor. Although the 

survival rate of medulloblastoma patients is relatively high, current treatments have 

serious side effects 16, 43, 51. Several large-scale genomic studies have provided rich 

information about specific transcription profiles and mutations associated with 

medulloblastoma. Based on these analyses, medulloblastomas are classified into four 

subgroups: Wnt, Shh, Group 3, and Group 4 26, 44, 46, 48, 49. Subtypes are characterized by 

specific mutations, rely on distinct signaling pathways, and possibly have different cell 

origins. Interestingly, each also displays distinct epigenetic properties, which are likely 

important for generating and maintaining the transcription program characteristic of each 

subtype. Functional epigenome studies to identify the molecular mechanisms that regulate 

the growth of each tumor subtype are required to accelerate the pace of development of 

much needed, subtype-specific treatment plans for medulloblastoma patients.  

Shh-type medulloblastoma accounts for 25% of all medulloblastoma. Mutations that result 

in constitutively active Sonic hedgehog (Shh) signaling in cerebellum granule neuron 

precursors (CGNPs) are the essential genetic causes of Shh-type medulloblastoma 2, 30. 

During early postnatal development, Shh expressed from Purkinje neurons induces the 

rapid expansion of CGNPs in the external granule layer (EGL). CGNPs differentiate into 

granule neurons that migrate to and reside in the internal granule layer (IGL). Active Shh 

signaling is required for normal CGNP proliferation and for maintenance of CGNPs in an 

undifferentiated state 8, 9, 65, 66; however, elevated or constitutively active Shh signaling 

leads to CGNP over-proliferation and medulloblastoma.  

Although various mutations cause Shh-type medulloblastoma and Shh-type 

medulloblastoma occurs in infants, children and adults, these tumors share certain 

subtype-specific gene expression patterns that are likely required for tumor proliferation 

and identity 26, 30, 44, 46, 48, 49. These include high levels of expression of Shh signaling target 

genes such as Gli1 and CGNP specification genes such as Atoh1, and relatively low levels 

of expression of neuronal differentiation genes. Shh signaling mediated by Patched 

(Ptch1) and Smoothened (Smo) regulates development and cancer by modulating the 

activities of Gli family transcription factors 4, 15, 22, 24. Shh activation releases inhibition of 

Smo by Ptch1 to activate Gli1/2 transcription activators (GliA) and downstream target 

genes. Shh-induced GliA activities provide a driving force for tumor proliferation by 
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activating mitogenic genes such as Gli1, CcnD1, and N-myc 2, 24. The acquisition of CGNP 

identity is a critical determinant of progenitor cell competence to form Shh-induced 

medulloblastoma 53; therefore, Atoh1, an essential transcription factor in CGNP 

specification, plays an important role in medulloblastoma development 3, 14. Atoh1 also 

regulates medulloblastoma proliferation by controlling Gli2 expression 14. Compare to 

Group 3 and Group 4 medulloblastoma, Shh subtype expresses low levels of neuronal 

genes.  The master repressor NRSF/REST is expressed at high levels in Shh-type 

medulloblastoma and may function as an oncogene to repress expression of certain 

neuronal genes leading to inhibition of differentiation 7, 42, 52. Thus, GliA, Atoh1, and REST 

form a core transcriptional regulatory circuitry to control the identity and proliferation of 

medulloblastoma. The targetome of this transcription circuitry likely produces 

medulloblastoma phenotypes, and its coordinated regulation is critical to tumor 

development. 

Previously, we and others have identified several GliA-interacting epigenetic regulators to 

activate target genes in response to Shh signaling 5, 36, 76. We have reported that a 

SWI2/SNF2 like chromatin remodeler SMARCA4/Brg1 functions as a GliA co-activator and 

is required for Shh-induced target gene activation 76. As a core subunit of the SWI/SNF-

like chromatin remodeling BAF complexes, Brg1 contains an ATPase domain that 

provides the enzymatic activity to remodel chromatin structures to regulate transcription 17, 

72. In addition, BAF complexes interact with many proteins, including other chromatin 

regulators and histone modifiers, that might mediate ATPase-independent activities of 

Brg1 and BAF complexes. BAF complexes have been shown to function as transcription 

activators or as repressors and play diverse roles during development 72. In cancers, BAF 

complexes also play important but context-dependent roles 27, 69, 72. Recent genomic 

studies indicated that BAF complexes are mutated in ~20% of all cancer types and 

represent the most highly mutated chromatin regulator in human cancer 27, 43. Brg1 biallelic 

inactivating mutations have been identified in many cancers such as atypical 

teratoid/rhabdoid tumors (AT/RT) and ovarian cancers 18, 70. Heterozygous missense 

mutations of Brg1 have been identified in the Wnt and Group 3 medulloblastomas 27, 43, 

suggesting a tumor suppressor function of Brg1 in these cancers. In other cancers, 

however, BAF complexes are required for cancer development and excluded from 

mutations. Brg1 has been shown to be required for leukemia and small cell lung cancer 

maintenance by regulating Myc expression or Myc activities 50, 56. The requirement of Brg1 
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for Shh/GliA activation suggests that Brg1 may be required for Shh-type medulloblastoma 

growth. 

Recently we discovered that under basal conditions Shh/Gli target genes poised for 

activation are marked by a bivalent chromatin domain containing H3K27me3/H3K4me3. 

The H3K27me3 demethylase Jmjd3/Kdm6b plays a crucial role in removing H3K27me3, 

recruiting other co-activators, and activating Gli target genes in response to Shh signaling 

57. It has been shown that Brg1 functions together with Jmjd3 to activate transcription of 

certain genes 35, 39. Notably, the non-enzymatic activities of both Brg1 and Jmjd3 are 

required for their co-activator functions in Shh signaling 57, 76; these two proteins may 

interact with each other or recruit other co-factors to activate Shh target genes 

coordinately. Consistent with their co-activator functions in Shh signaling, few mutations in 

Brg1 and Jmjd3 have been identified from pediatric Shh-type medulloblastomas despite a 

potential tumor suppressor function for both proteins in other medulloblastoma subtypes 

and other types of cancer 27, 46, 47.  

In this report, using a mouse model of Shh-type medulloblastoma that closely resembles 

the human tumor, we demonstrate that the chromatin remodeler Brg1 coordinates the core 

transcriptional circuitry that controls Shh-type medulloblastoma identity and proliferation. 

Deletion of Brg1 in CGNPs impaired normal cerebellum development, but considerably 

extended the survival time of tumor-bearing animals. Brg1 deletion after medulloblastoma 

formation significantly inhibited tumor proliferation and growth. Using genome-wide 

expression and binding experiments, we discovered that Brg1 coordinates with Gli1, 

Atoh1, and REST to regulate expression of both oncogenes and tumor suppressors 

specifically required for tumor growth. Brg1-regulated pathways are conserved in human 

Shh-type medulloblastomas, and Brg1 was also important for the growth of a human 

medulloblastoma cell line.  In addition, we showed that Brg1 modulates activities of 

H3K27me3 modifiers in regulating medulloblastoma genes. Thus, Brg1 regulates genetic 

and epigenetic networks that control the transcription program underlying Shh-type 

medulloblastoma development.  
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Results 

Brg1 is required for cerebellum development and the proliferation of precancerous 

CGNPs. 

To determine whether the GliA co-activator Brg1 is required for Shh-dependent CGNP 

proliferation in vivo, we deleted Brg1 using the CGNP-specific Atoh1-Cre transgene 73. 

Atoh1-Cre-induced Brg1 deletion in CGNPs led to significantly smaller cerebellums at 

postnatal day 12 (P12) compared to those in wild-type mice despite an overall similar 

foliation pattern (Figure 1A-B, 1A’-B’). Brg1 protein was deleted in most CGNPs in the 

EGL and subsequently in granule neurons in the IGL (Figure 1C, 1C’).  Brg1-deleted 

CGNPs also displayed abnormal morphologies such as larger nuclei (Figure 1C, 1C’). The 

EGL was thinner in Brg1-deleted cerebellum, due to impaired CGNP proliferation as 

indicated by reduced BrdU incorporation (Figure 1D, 1D’). This result indicates an 

essential function of Brg1 in Shh/Gli-dependent normal cerebellum development.  

Recently, another genetic study also demonstrated that Brg1 and 

SMARCB1/BAF47/INI1/SNF5 are required for cerebellum development 40. 

The expression of a Cre-inducible SmoM2 (an activating mutation in Smo) transgene in 

CGNPs results in constitutively active Shh signaling, over-proliferative CGNPs, and 

medulloblastoma development 37, 53. In precancerous SmoM2 CGNPs, Brg1 was required 

for proliferation (Figure S1A).  Cultured CGNPs were obtained from P4 CAG-CreER 

SmoM2 pups with Brg1F/F or Brg1+/+. In both genotypes, tamoxifen treatment induced 

expression of SmoM2, and, in the Brg1F/F cells, deletion of Brg1 was induced 

simultaneously, which significantly reduced CGNP proliferation as indicated by reduced 

BrdU incorporation (Figure S1A). Consistently, Brg1 deletion in SmoM2 CGNPs 

significantly inhibited the expression of Shh target genes that are induced by the SmoM2 

mutant protein (Figure S1B, S1C). 

Brg1 is required for SmoM2 medulloblastoma formation and progression. 

To determine how Brg1 functions in Shh-induced medulloblastoma formation, Brg1 was 

deleted in CGNPs in the SmoM2 mouse model of Shh-type medulloblastoma using Atoh1-

Cre at the same time that SmoM2 was induced. Induction of SmoM2 expression led to 

abnormal cerebellum development and medulloblastoma growth. At P28, the cerebellum 

in Atoh1-Cre SmoM2 mice had no foliation, indicating the requirement of proper Shh 

signaling for CGNP proliferation and differentiation. Multiple foci of Ki67 positive cells 
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indicated the initiation of medulloblastoma growth (Figure 2A). In Atoh1-Cre SmoM2 

Brg1F/F mice, the cerebellum is smaller and also lack of foliation. However, no Ki67 

positive foci were observed (Figure 2A). In survival studies, all Atoh1-Cre SmoM2 Brg1+/+ 

mice developed medulloblastoma and died within 3 to 4 months of age (Figure 2B). 

Deletion of Brg1 in CGNPs significantly extended survival time of Atoh1-Cre SmoM2 mice 

(Figure 2B). In those few Atoh1-Cre SmoM2 Brg1F/F mice that did suffer from 

medulloblastoma growth, the Brg1 allele was not completed deleted in the tumor cells 

(Figure S2). Deletion of one Brg1 allele also significantly reduced the lethality rate 

compared to the mice with wild-type Brg1 (Figure 2B).  

To determine whether Brg1 is required for medulloblastoma maintenance and progression, 

we deleted Brg1 after tumor formation by taking advantage of the leaky CAG-CreER 

activities (Figure 2C). CAG-CreER SmoM2 medulloblastomas with Brg1+/+, Brg1F/+, or 

Brg1F/F alleles were induced by weak Cre activities without tamoxifen treatment. These 

tumors contain intact Brg1 alleles (Figures 2C, 2D). When transplanted into SCID-NOD 

immunodeficient mice subcutaneously, deletion of one or both Brg1 alleles induced by 

tamoxifen injection significantly inhibited the growth of tumor allografts (Figures 2D).  Brg1 

deletion significantly inhibited tumor cell proliferation as indicated by reduced staining of 

proliferation markers such as phosphorylated histone H3 (H3P) and by BrdU incorporation 

(Figure 2E). Deletion of Brg1 in primary medulloblastomas using the same strategy also 

significantly inhibited tumor proliferation (Figure S3). Thus, Brg1 is required for both the 

formation and progression of SmoM2 medulloblastoma.  

Brg1 is required for the expression of a transcription program specific to SmoM2 

medulloblastoma.  

In medulloblastoma transplantation, as expected, deletion of Brg1 significantly inhibited 

the expression of Shh/Gli target genes Gli1, Ptch1, Ccnd1, and N-myc (Figures 3A, 3B), 

which is consistent with the function of Brg1 as a co-activator of Gli1/2. Interestingly, Brg1 

deletion also inhibited other genes known to be important for medulloblastoma identity and 

proliferation such as Atoh1 and Gli2 (Figure 3B). We next performed RNA-seq to compare 

the transcription profiles from primary medulloblastomas with or without Brg1 deletion. 

Mice with CAG-CreER SmoM2 medulloblastomas with Brg1F/F or Brg1+/+ were injected 

with tamoxifen to induce Brg1 deletion or to serve as controls. Differential expression 

analyses showed that levels of expression from 1517 genes were significantly changed 
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upon Brg1 deletion (Table S1). These Brg1-regulated genes significantly overlapped with 

the genes differentially expressed in SmoM2 medulloblastoma versus normal cerebellum 

37 (47%, p=2.3e-161, Figure 3C).  Of the 1517 Brg1-regulated genes, levels of expression 

of 440 genes were decreased upon Brg1 deletion (these are Brg1 activated genes), and 

levels of expression of 1077 genes were increased (these are Brg1 repressed genes). 

Ranked fold change analyses showed an almost perfect correlation between Brg1-

regulated genes and the SmoM2-specific gene set (Figure 3D) indicating that Brg1 

activates genes specifically expressed in SmoM2 medulloblastoma and inhibits genes 

repressed in tumors. These include genes important for cell proliferation and differentiation 

as shown by the gene ontology analyses (Figure 3E). Thus, the inhibition of tumor growth 

that resulted from Brg1 deletion is due to the destruction of the specific transcription 

program controlling SmoM2 medulloblastoma.  

Brg1 regulates key transcriptional regulatory circuits in SmoM2 medulloblastoma. 

To identify direct Brg1 target genes, we performed Brg1 ChIP-seq in SmoM2 

medulloblastoma. Approximately 37 million reads were obtained, and more than 20 million 

reads were uniquely mapped to the genome. We analyzed the data using the SICER 

program that is specifically designed for analysis of ChIP-seq data of chromatin regulators 

75. We identified 5727 significant Brg1-binding regions with an average size of 2.4 kb; this 

number of binding regions is similar to those obtained in Brg1 ChIP-seq studies performed 

in other tissues 20, 74. Most Brg1-binding regions (70%) are in gene bodies or within 5 kb 

upstream or downstream; 30% are in the intergenic regions (Figure 4A).  The analysis of 

the distribution of Brg1-binding regions in gene units showed enrichment close to the 

transcription start sites (Figure 4B). From the 5727 Brg1-binding regions, we identified 

3841 genes with a Brg1-binding region overlapping with the gene body or 5-kb 

surrounding regions (Table S2).  The intersection of the gene set bound by Brg1 with the 

Brg1-regulated genes identified from primary medulloblastoma yielded 399 genes that are 

likely direct targets of Brg1 (Figure 4C, Table S3).  

The analyses of Brg1 targetome provide insights into the mechanisms underlying the 

essential function of Brg1 in Shh-type medulloblastoma. We found that Brg1 regulates 

important transcriptional regulatory pathways in medulloblastoma including the targetomes 

of Gli1, Atoh1, and REST. Gli binding sites have been identified in another mouse model 

of Shh-type medulloblastoma 32. Despite using the different tumor models, we observed a 
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high overlap between Gli1 binding genes and Brg1 binding genes. Within 1169 Gli binding 

genes, 557 contain Brg1-binding regions (48%, p=1.2e-206, Figure 4C). In many target 

genes, putative Brg1 and Gli1 binding regions are in close proximity (Figure 4G), 

suggesting that Gli1 recruits the Brg1 co-activator complex to the Gli regulatory regions. 

Consistently, we observed an interaction between endogenous Gli1 and Brg1 in 

medulloblastoma cells (Figure S4A). These data indicate that the essential co-activator 

function of Brg1 is not limited to a few known Gli1 target genes, but can be applied to the 

Gli1 targetome in medulloblastoma.  

 

Of the 557 genes co-occupied by Brg1 and Gli1, 82 genes were regulated by Brg1.  Brg1 

deletion led to decreases in expression of Gli1-activated known oncogenic genes Gli1, N-

myc, and Ccnd1 (Figure 3B, Table S1) and potential oncogenic genes such as Akna, 

Foxo6, and Sox18 32 (Figure 4H, Table S1). In addition, expression levels of Notch and 

Hippo pathway genes such as Hes5, Hey1 (also Gli1 targets), Jag1, and Tead1 as well as 

Wnt pathway inhibitors Wif1 and SFRP1 (also Gli1 targets) decreased after Brg1 deletion 

(Figure 4H). It has been shown that active Notch and Hippo signaling pathways positively 

regulate Shh-type medulloblastoma 10, 13, 41, whereas the Wnt pathway inhibits it 1. 

Therefore, these data suggest that Brg1 coordinates the crosstalk between signaling 

pathways to facilitate Shh-activated medulloblastoma development.  

 

In CGNPs and Shh-type medulloblastoma, Atoh1 is necessary for cell-type specification 

and cell identity maintenance 3, 14. It also regulates CGNP and medulloblastoma 

proliferation, mainly by activating Gli2 expression 14. The Atoh1 targetome has been 

identified in early postnatal CGNPs, where Shh signaling is active 29. Many Atoh1 target 

genes in CGNPs likely also play important roles in maintaining medulloblastoma cell 

identity and proliferation. Within the 582 high stringency Atoh1 targets, 251 genes (43%) 

were also bound by Brg1 (Figure 4D). Of these, 48 were regulated by Brg1 including 

potent medulloblastoma oncogenes Gli2, Atoh1, CXCR4, Tgif1, and Aurkb (Figure 3B, 4D, 

4G, 4H) 14, 38, 54, which are likely direct targets of Brg1. The targeting of Brg1 to Atoh1 

binding genes is likely mediated through the interaction between Atoh1 and Brg1. We 

observed that endogenous Atoh1 co-immunoprecipitated with Brg1 in SmoM2 

medulloblastoma (Figure S4A). We next analyzed the specificity of Brg1 in regulating 

target genes and non-target genes of Gli1 and Atoh1. Of the genes containing neither Gli1 

nor Atoh1 binding sites (Gli1-/Atoh1-), less than 15% were occupied by Brg1. In contrast, 
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38% of the Gli1-/Atoh1+ genes, 46% of the Gli1+/Atoh1- genes, and 66% of the 

Gli1+/Atoh1+ (73/110) genes were co-occupied by Brg1 (Figure 4E). The highly enriched 

Brg1 occupancy in the target genes of Gli1 and/or Atoh1 indicates that Brg1 specifically 

controls the transcriptional circuitry involved in medulloblastoma identity and proliferation. 

Inhibition of several known tumor suppressors significantly enhances the formation and 

growth of mouse models of Shh-type medulloblastoma 58, 63, 68. Notably, Brg1 deletion led 

to an increase in expression of specific tumor suppressor genes and genes known to be 

involved in neuronal function and synaptogenesis (Figure 3E). In medulloblastoma, tumor 

cells maintain a progenitor state and inhibit neuronal gene expression. It is thought that 

REST functions as an oncogene by repressing expression of neuronal genes and 

inhibiting differentiation 7, 42, 52.  Many REST target genes (e.g., Nrxn2, Nrxn3, and 

NeuroD2) were derepressed upon Brg1 deletion (Figure 4F, 4H). Although the target 

genes of REST in CGNPs and medulloblastomas are not known, the REST targetome 

identified in embryonic stem cells, where most of the neuronal genes are repressed, may 

encompass many REST target genes in cerebellum 25. A comparison between Brg1-

repressed genes (1077) with REST binding genes (1775) in embryonic stem cells yielded 

198 (p=1.8e-32) commonly repressed genes. Of these, 62 are also bound by Brg1 

(p=4.9e-18) (Figure 4F, Table S3). This indicates that Brg1 positively regulates the 

repression function of REST to inhibit neuronal gene expression and to allow 

medulloblastoma to grow. We observed the interaction between endogenous Brg1 and 

REST in smoM2 medulloblastoma (Figure S4A). Deletion of Brg1 led to reduced REST 

binding to one target gene NeuroD2 (Figure S4B). These results confirmed a previous 

report that REST recruits BAF complexes to target genes whereas BAF complexes further 

facilitates REST binding 45. In addition, Brg1 repressed potential tumor suppressors with 

mutations identified in Shh-type medulloblastoma such as LRP1B, Syne1, and Pde4D 30. 

In contrast, potential tumor suppressor genes such as DDX3x, TCF4, and NcoR found in 

multiple types of medulloblastomas 26, 44, 46, 48, 49 were not significantly changed upon Brg1 

deletion (Figure 4H). Therefore, by a coordinated regulation of specific oncogenic and 

tumor suppressing transcription circuits, Brg1 supports SmoM2 medulloblastoma 

development.   

Brg1 regulates the activities of H3K27me3 modifiers in medulloblastoma. 
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Human Shh-type medulloblastoma is characterized by low global H3K27me3 levels 49, 

which may allow the expression of many H3K27me3-regulated oncogenic genes. 

Similarly, we observed low global H3K27me3 levels in CGNPs and in SmoM2 

medulloblastoma (Figure 5A) 57. Interestingly, human medulloblastoma and SmoM2 

tumors contain relatively high levels of SUZ12, a component of the H3K27 

methyltransferase complex PRC2 (Figure 5A) 49. This paradox indicates that high 

H3K27me3 demethylase activities such as those of Jmjd3 must be present in Shh-type 

medulloblastoma to remove H3K27me3 and to keep H3K27me3 levels low. Interestingly, 

we observed a global increase of H3K27me3 levels but decreased PRC2 levels (as 

indicated by decreased levels of an essential subunit Suz12) when tumor growth was 

inhibited by Brg1 deletion (Figure 5A).  RT-qPCR analyses showed that Brg1 deletion in 

SmoM2 tumors led to reduced PRC2 subunits mRNA levels (Figure 5B). Thus, Brg1 may 

facilitate Jmjd3-mediated removal of H3K27me3 to activate oncogenic genes, whereas 

Brg1 may also help maintain the H3K27me3 levels at the repressed gene regulatory 

regions by positively support PRC2 expression in Shh-type medulloblastoma. In support 

target gene specific functions of Brg1 in H3K27me3 regulation, ChIP-qPCR showed 

increased H3K27me3 levels at Brg1 activated genes such as Gli1 and Atoh1 and 

decreased H3K27me3 levels at Brg1 repressed genes such as NeuroD2 upon Brg1 

deletion (Figure 5C-E). We have previously shown that Jmjd3 directly binds to Gli1 

regulatory regions in Shh-activated CGNPs and is required for maintaining the low local 

H3K27me3 level and activating Gli1 expression 57. Our data indicate that Brg1 is required 

for Jmjd3 binding to Gli1 regulatory regions since Jmjd3 binding in Shh-activated CGNPs 

was significantly impaired when Brg1 was deleted (Figure 5F). This reduction of Jmjd3 

binding was not due to a decrease of Jmjd3 expression level, since Jmjd3 mRNA level 

was even slightly increased in Brg1 deleted medulloblastoma (Figure 5B). By regulating 

Jmjd3 activities and PRC2 expression levels, Brg1 may control expression of certain target 

genes through modulation of H3K27me3 levels.  

Conserved functions of Brg1 in human Shh-type medulloblastoma. 

To determine whether Brg1-regulated transcriptional pathways in SmoM2 tumors are also 

specifically expressed in human Shh-type medulloblastoma, we compared the expression 

levels of human homologs of Brg1 targets in different medulloblastoma subtypes. Using a 

publicly available microarray dataset of 76 pediatric medulloblastoma samples 

(GSE37418) 49, we ranked the average expression levels of the human homologs of each 
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Brg1-activated Gli1 or Atoh1 targets as well as Brg1-repressed REST targets in four types 

of human medulloblastoma (Table S4).  Both Brg1-activated Gli1 and Atoh1 targets have 

significantly more #1 ranked genes in Shh-type medulloblastoma than other subgroups, 

whereas significantly more Brg1-repressed REST targets have lowest expression in Shh 

type tumors compared to other subgroups (Figure 6A, 6B). Brg1 was expressed at 

relatively high levels in all four subgroups (Figure 6B). These results indicate that in Shh-

type medulloblastoma, Brg1-regulated Gli1 and Atoh1 target genes are specifically 

activated and many REST targets are specifically repressed. Thus, the gene programs 

coordinately regulated by Brg1 and these transcription factors in SmoM2 tumors are also 

specifically associated with human Shh-type medulloblastoma and are likely to be 

important for human tumor growth. 

To further determine the function of Brg1 in human medulloblastoma growth, we 

performed RNAi-mediated Brg1 inhibition in human medulloblastoma cell lines and 

examined the effects on target gene expression and cell growth. The DaoY human cell line 

resembles Shh-type medulloblastoma cells 62. Although DaoY cells express low levels of 

Gli1 and Atoh1, exogenous Gli1 significantly activated Gli1 and Atoh1 targets and 

accelerated growth of these cells (Figure 6C, 6D).  RNAi-mediated inhibition of Brg1 

expression in DaoY cells significantly decreased the expression of these oncogenes and 

impaired the cell growth in the absence or presence of exogenous Gli1 (Figure 6C-G). In 

contrast, reduction of Brg1 levels in a Group 3/4-like medulloblastoma cell line D283 55 did 

not affect the cell growth (Figure 6E, 6F). Notably, similar to in SmoM2 tumors, inhibition of 

Brg1 in DaoY cells but not in D283 cells also increased global H3K27me3 levels (Figure 

6H), suggesting that Brg1 may also regulate human medulloblastoma through modulating 

H3K27me3 modifier activities.  These results indicate that Brg1 plays a conserved and 

specific role in coordinating the genetic and epigenetic regulatory programs in Shh-type 

medulloblastoma.   
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Discussion 

In this report, we demonstrated that Brg1 is essential for both normal cerebellum 

development and Shh-type medulloblastoma growth. In both mouse and human Shh-type 

medulloblastoma, Brg1 regulates expression of GliA and Atoh1 target genes to maintain 

tumor identity and proliferation. Brg1 also inhibits expression of genes with potential tumor 

suppressor functions as well as REST-repressed neuronal genes. Furthermore, Brg1 may 

regulate the activities of H3K27me3 modifiers to maintain the distinct chromatin 

environment specific to Shh-type medulloblastoma. Therefore, Brg1 is part of a genetic 

and epigenetic network that controls the specific transcriptional program underlying Shh-

type medulloblastoma (Figure 7). Our study demonstrates that a novel epigenetic 

mechanism controls subtype-specific medulloblastoma development. 

BAF complexes are known to target many developmentally important loci, mainly by 

interacting with transcription factors through its diverse subunits 17, 72. Our studies provide 

genetic and genomic evidence indicating an essential function of Brg1 in regulating 

Shh/Gli signaling and Atoh1 pathway in cancer. The interactions between Brg1 and Gli1 or 

Atoh1 and the significant enrichment of Brg1 occupancy in genes targeted by Atoh1 and/or 

Gli1 relative to non-target genes suggests that in medulloblastoma Brg1 could be recruited 

by Gli1 or Atoh1 and functions specifically to co-regulate Gli1 and Atoh1 target genes. 

Brg1 also represses a large number of REST target genes in medulloblastoma and 

prevents tumor cell differentiation. Brg1 interacts with REST and is also required for 

maximum binding of REST to certain target genes. This is consistent with a previous 

report that REST recruits BAF complexes whereas BAF complexes further facilitate REST 

binding 45.  Gli1 and Atoh1 as well as their target genes are over-represented in human 

Shh-type medulloblastoma than other subtypes, whereas REST target genes are 

underrepresented, indicating that Brg1 regulated transcription network is also conserved in 

human cancers. The mechanisms identified in mouse models are likely applicable to 

human cancers. A direct test in human cancer xenograft model would be very useful to 

directly test Brg1 function in human medulloblastoma.   

The activities of BAF complexes in tumor development appear to be tumor-type 

dependent, consistent with its diverse subunit compositions and functions in different 

tissues 71. Using the ATPase dependent chromatin remodeling activities or ATPase 

independent functions by interacting with other epigenetic cofactors, BAF complexes could 
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activate or repress specific target genes in a context-dependent manner 72. Therefore, 

depending on the specific roles of BAF subunits in regulating different oncogenes or tumor 

suppressors that are associated with each type of tumors, BAF subunits may function 

either to suppress or to support tumor growth. The tumor suppressor functions of BAF 

subunits have been extensively studied in AT/RT, where biallelic mutations of 

SMARCB1/BAF47 as well as SMARCA4/Brg1 cause cancer development 18, 64. In AT/RT 

with Brg1 or BAF47 mutated, increased Shh target gene expression was observed, which 

may contribute to the AT/RT growth 23. This notion is consistent with our previous finding 

that Brg1/BAF complex plays a dual role in Shh signaling by repressing the basal 

expression and activating signaling-induced target gene expression 76. In cancers that 

require active Shh signaling such as Shh-type medulloblastoma, Brg1 is then required for 

tumor growth. Therefore depending on the Shh signaling activities in different cell types, 

BAF deletion may cause different effects on Shh target genes and cancer growth 72. In 

medulloblastoma, the potential tumor suppressor functions of Brg1 in Wnt and Group 3 

subtypes remain unknown. 

Transcription profiles classify medulloblastomas into four groups. Interestingly, mutations 

in a significant number of epigenetic regulators have been identified. Mutations in 

H3K4me3 methyltransferase MLL2/3 occur in multiple medulloblastoma subgroups 12, 46, 

whereas mutations in other epigenetic regulators occur with strong subgroup bias. For 

example, the mutations in H3K27me3 demethylase UTX/Kdm6A are highly enriched in 

Group 4 tumors, but are largely absent from Shh-type medulloblastoma 12, 26, 49. 

SMARCA4/Brg1 mutations have been identified in Wnt and Group 3 subgroups but are 

rare in Shh-type medulloblastoma, likely because of the essential functions that Brg1 plays 

in the regulation of the Shh-type medulloblastoma transcriptional program. Although 

mutations in other BAF subunits are rare in pediatric Shh-type medulloblastoma, they are 

present in adult Shh-type medulloblastoma 30. It is not clear how these mutations regulate 

adult tumor progression; they may contribute to the tumor heterogeneity between pediatric 

and adult medulloblastoma. In Shh-type medulloblastoma with BAF subunit mutations, the 

function of Brg1 remains to be explored. Interestingly, it has been shown that Brg1 is 

required for the oncogenesis caused by loss of the SMARCB1/SNF5 tumor suppressor 67. 

Therefore, the aberrant BAF complexes formed with mutated BAF subunits may 

misregulate oncogenic genes and further deleting Brg1 would inhibit tumor growth.  
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The extensive and subgroup specific mutations in epigenetic regulators in 

medulloblastoma implicate the importance of epigenetic regulation in medulloblastoma 

development and epigenetic therapy holds great promise for the future treatment of 

medulloblastoma. In our study, we also showed an important function of Brg1 in 

coordinating the activities of H3K27me3 regulators.  Brg1 deletion caused decreased 

Jmjd3 binding to the regulatory regions of Gli1 and Atoh1 and  possibly other oncogenes, 

which may lead to decreased expression of these genes.  Brg1 deletion also led to a 

significant decrease of PRC2 levels. PRC2 has been shown to repress tumor suppressors 

and is oncogenic in other cancers. In addition, PRC2 can function as a co-repressor for 

REST 11. It is possible that the decreased PRC2 levels contribute to the de-repression of 

certain tumor suppressor genes and REST target genes such as NeuroD2  in Brg1-

deleted tumors. Thus, Brg1 regulates local H3K27me3 levels in a target gene specific 

manner. The coordinated regulation H3K27me3 by Brg1 is likely one of the key 

mechanisms underlying Brg1 function in medulloblastoma transcription regulation. The 

availability of the chemical inhibitors to Jmjd3 and PRC2 may provide new treatment 

options for medulloblastoma.  

In summary, our study reveals an epigenetic mechanism that controls specific transcription 

programs essential for Shh-type medulloblastoma development. Future functional 

epigenome studies will elucidate the specific epigenetic regulations of each tumor 

subtypes and will provide targets for development of the much needed subtype-specific 

treatments for medulloblastoma patients. 
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Materials and Methods: 

Mice 

SmoM2 mice 37 and CAG-CreER 19 mice were purchased from Jackson Laboratory. Due 

to the CreER leakage, the CAG-CreER SmoM2 mice have a high rate of spontaneous 

medulloblastoma development before 2 months of age (~40%) even without tamoxifen 

induction. These mice were crossed to Brg1+/+, Brg1F/+, or Brg1F/F mice 60, 76 and are 

maintained on a mixed genetic background at UT Southwestern Medical Center Animal 

Facility. Atoh1-Cre mice were generated by knocking-in the Cre gene at the Atoh1 locus 73 

and were provided by Dr. Lin Gan (Rochester University) and Dr. Jane Johnson (UT 

Southwestern). SCID-NOD mice were purchased from UT Southwestern Mouse Breeding 

Core Facility. 

Cell cultures and lentiviral infection 

Primary CGNP cultures were performed as previously described 76. Briefly, CGNPs were 

derived from dissociated P4-7 mouse cerebella and cultured in DMEM/F12 media 

containing 25 mM KCl, N2, and 10% FBS. For Shh stimulation, Shh conditioned medium 

produced from Shh-CM 293T cells 6 was added at a 1:20 dilution to CGNP cultures. 

CGNP cells were treated with Shh in high serum media for 2-3 days. The induction of the 

Brg1 conditional deletion was performed by treating the cultures with 1 µM 4-

hydroxytamoxifen for three days. Medulloblastoma cell lines DaoY and D283 were 

purchased from ATCC and cultured as suggested by the supplier. Lentiviral constructs 

pGIPZ shBrg1 and shCtrl 59 were generously provided by Dr. Chin-ping Chang (Indiana 

University) and packaged as described in 76. Polyjet (Signagen) was used for plasmid 

transfection in cultured cells. DaoY and D283 cells were infected with viruses at a 

multiplicity of infection (MOI) of 5 for 24 h in media with 8 µg ml-1 polybrene. The CellTiter-

Glo Luminescent Cell Viability Assay (ATP viability assay) kit (Promega) was used to 

measure the tumor cell survival signals.  

Tumor transplantation 

Medulloblastoma grown in CAG-CreER SmoM2 mice with Brg1+/+, Brg1F/+, or Brg1F/F 

alleles were dissected and dissociated. Tumor cells (106) were mixed with Matrigel (BD 

Biosciences) and injected subcutaneously in the flank region of SCID-NOD 

immunodeficient mice. Recipient mice were monitored daily for tumor growth. Tamoxifen 
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(75 mg/kg) or oil solvent were injected intraperitoneally when tumor was visible at ~ 20 

days post transplantation. Tamoxifen was injected every other day during a 20 day period 

before sacrificing the recipient mice for tumor analyses. 

 

Immunoblotting  

For immunoblotting, cells or ground tissues were lysed in RIPA buffer (50 mM Tris, pH 8, 

250 mM NaCl, 0.05% SDS, 0.5% DOC, 1% NP-40).  Histone fractions were prepared with 

standard acid extraction (0.2 N HCl).  Cell lysates or histone fractions were separated on 

SDS-PAGE gels. Antibodies used were against Gli1 (Cell Signaling), GAPDH (Sigma), 

H3K27me3 (Active Motif), histone H3 (ab1791, Abcam), Brg1 (G7, Santa Cruz), beta-tub3 

(Tuj1, Covance), Nestin (Rat-401, BD Pharmingen), GFAP (BD Pharmingen), HSP90 

(Pierce), HA tag (ab9110, Abcam), beta-catenin (Santa Cruz), Atoh1 (Gift from Dr. Jane 

Johnson) and Rest (07-579, Millipore). HRP-conjugated secondary antibodies were 

purchased from Jackson Immunology.  

 

Immunohistology  

Hematoxylin and eosin (H&E) staining and immunostaining were performed on paraffin 

sections of tumor or brain tissues. Antibodies used were against H3K27me3 (Millipore), 

H3P (Millipore), Ki67 (eBioscience), BrdU (BD Pharmingen), SUZ12 (Cell Signaling), and 

Brg1 (G7, Santa Cruz).  The images were visualized using an Olympus BX50 microscope. 

H3P, Ki67 or BrdU positive cells were counted from four sections (>2000 nuclei counted 

for each stain) and data are given as percentage of total cells (n=3). The semi-quantitative 

immunohistochemistry densities of H3K27me3 staining were measured using ImageJ 

program (NIH). 

 

Co-immunoprecipitation experiments  

SmoM2 medulloblastoma samples were lysed with Buffer A (25 mM Tris, pH 7.5, 25 mM 

KCl, 5 mM MgCl2, 10% glycerol, 0.1% NP-40, with protease inhibitor freshly added). 

Nuclear extracts were prepared in RIPA buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0) with rotation at 4 °C for 1 hour. After 

centrifugation, rabbit polyclonal antibodies against Brg1/Brm (J1) 28, 33 were added to pre-

cleared nuclear extracts and incubated at 4 °C overnight. Samples were incubated with 

protein A beads (GE Healthcare) for 1 hour; beads were washed with RIPA buffer four 
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times. Precipitated proteins were eluted by boiling in 2X Sample Buffer before SDS-PAGE 

and western blot analysis.  

RT-PCR and q-PCR 

RNA from cells or ground tissues was extracted with TRIZOL (Invitrogen). cDNAs were 

synthesized by reverse transcription using Iscript (Bio-Rad), followed by PCR or 

quantitative PCR analysis. A Bio-Rad real-time PCR system (C1000 Thermal Cycler) was 

used for quantitative PCR. Levels of GAPDH mRNA were used to normalize input RNA. 

Graphics shown are representative of experiments performed in triplicate. The 

experiments were repeated for at least three times. Standard errors were calculated 

according to a previously described method 76.  

RNA-seq analyses 

CAG-CreER SmoM2 mice harboring spontaneous medulloblastoma with Brg1F/F or Brg1+/+ 

alleles were injected with tamoxifen. The Brg1+/+ and Brg1-deleted (Brg1iko) SmoM2 

medulloblastomas were used for RNA-seq analyses. Total RNAs were extracted, and 

RNA-seq libraries were prepared using the Illumina RNA-Seq Preparation Kit and were 

sequenced on a HiSeq 2000 sequencer at UT Southwestern Sequencing Core Facility. 

RNA-seq reads were mapped using TopHat with default settings 

(http://tophat.cbcb.umd.edu). The mapped reads with the Phred quality score < 20 were 

filtered out, whereas the duplicates were marked but not removed using SAMTOOLS 34 

and PICARD (http://picard.sourceforge.net). Transcript assembly and transcript 

abundance quantification were carried out using CUFFLINKS, and then differential 

expression analysis between Brg1+/+ and Brg1iko SmoM2 medulloblastomas was 

performed using CUFFDIFF 61. The differentially expressed genes with fold change larger 

than 2 and p<0.05 were selected as Brg1-regulated genes (Table S1). Gene ontology 

analysis was performed using DAVID tools (http://david.abcc.ncifcrf.gov/). 

Chromatin immunoprecipitation and ChIP-seq analyses 

ChIP experiments were performed as described previously 76. Dounced tissue or 

dissociated cells were crosslinked with PFA or double crosslinked with DSG (Pierce), and 

sonicated to fragments (200-500 bp). Antibodies used were against H3K27me3 (Millipore), 

Jmjd3 (Abcam) and Brg1/Brm (J1) 28. J1 antibody has been used previously for Brg1 

ChIP-seq analyses 20, 74. Precipitated DNA was purified and subjected to either real-time 

https://mail.swmed.edu/owa/redir.aspx?C=dK23m7Q64kyUbYcT_obAsiHRxF9hOdEIlsroCleIAHFF1elujahE4polwbPM-n6HrWrlU-iot04.&URL=http%3a%2f%2fpicard.sourceforge.net
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PCR or next generation sequencing. NEBNext ChIP-Seq Sample Prep Master Mix Set 1 

was used for library generation and a Hiseq 2500 sequencer was used for sequencing at 

UT Southwestern Medical Center Sequencing Core Facility.  

Short reads were mapped to UCSC reference mouse genome with bowtie 31 and then 

SICER was used to detect the Brg1-binding regions 75. SICER uses clustering approach to 

pool together the enrichment signals of ChIP-seq reads from neighboring nucleosomes to 

increase the power for detecting broad binding domains. Thus it is suitable for analyzing 

the ChIP-seq data of histone modifications and chromatin regulators, which are usually 

noisy and contain broad domains. SICER has been successfully used for detecting Brg1 

binding regions in hematopoietic cell lineages 21. Default parameter settings with three 200 

bp windows were used to calculate the enrichment of Brg1 binding regions. The 

corresponding input sample was used as control.  Duplicate reads were removed before 

peak calling by SICER. Statistically significant peaks (FDR<0.05) enriched in the Brg1-

ChIP sample relative to its corresponding input sample were annotated for genomic 

location. 

In order to calculate the distribution of binding regions in reference to nearby genes, we 

used the mouse gene annotation obtained from iGenomes 

(http://support.illumina.com/sequencing/sequencing_software/igenome.ilmn). The mid-

point of each Brg1-binding region was compared with the location of genes to identify 

either the overlapping gene or the closest non-overlapped gene. The distance from the 

mid-point of each Brg1-binding region to the 5’ end of the overlapped or the nearest gene 

was calculated. The promoter region was defined as 5 kb upstream of the gene, and the 

downstream was defined as 5 kb downstream of the gene. 

Bioinformatics analyses 

Ranked fold change analysis was performed to determine the association between Brg1-

regulated genes and genes differentially expressed in SmoM2 MB. The differentially 

expressed genes (DEGs) detected from either Brg1 RNA-seq or SmoM2 expression array 

37 were ranked based on fold changes. Twenty bins with equal range of fold change were 

used to count the number of DEGs shared in both gene sets. In order to identify genes 

regulated by multiple proteins, including Brg1, Gli1, and Atoh1, we used the UCSC mouse 

genome build mm10 and mouse gene annotation from iGenomes as references to 

http://support.illumina.com/sequencing/sequencing_software/igenome.ilmn
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associate locations of binding regions of each protein with nearby genes. All the reported 

peak locations were converted to mm10 coordinates with UCSC liftOver tool 

(http://genome.ucsc.edu/cgi-bin/hgLiftOver). We consider that a gene is bound by a 

protein if there is a binding region or peak overlapping its gene body or within the 5-kb 

flanking regions. Few previously reported target genes of these proteins were missed due 

to coordinate conversion of binding regions. Gli1 binding sites were identified using a 

FLAG-tagged Gli1 transgene in another similar mouse model of Shh-type 

medulloblastoma arising from Ptch1+/- mice 32. From 1059 Gli1 binding regions, we 

identified 1169 potential Gli1 binding genes. Atoh1 binding gene sets in P5 CGNPs were 

determined in a previous analysis 29. REST target genes in embryonic stem cells were 

determined by ChIP-PET and directly obtained from a previous report 25. To test the 

significance of the overlapping between gene sets bound by two proteins, we use Fisher-

exact test to calculate p-value. The microarray dataset GSE37418 with 76 subtype-

characterized pediatric medulloblastoma samples 49 was analyzed for expression levels of 

human homologs of Brg1-regulated medulloblastoma genes in different medulloblastoma 

subtypes. All the human homologs of Brg1-activated Gli1 targets (42 total) and Atoh1 

targets (29 total) and Brg1-repressed REST targets (177 total) were analyzed for their 

average expression in each subgroup.  The #1 ranked subgroup for each Brg1-activated 

gene or the #4 ranked subgroup for each Brg1-repressed genes were identified, counted, 

and compared (Table S4, Figure 6A). The binominal test was used for calculating p-value. 

The RNA-seq and ChIP-seq data generated in this study have been deposited in NCBI 

GEO repository with accession number GSE69674 (GSE69672 for RNA-seq and 

GSE69673 for ChIP-seq). 

Statistical analysis  

Data are expressed as means ± s.d. (n=3 unless specifically indicated). Statistical analysis 

was performed by either analysis of variance with ANOVA post hoc t-test for multiple 

comparisons or a two-tailed unpaired Student’s t-test. A p value of <0.05 was considered 

significant. 



21 

Acknowledgements 

We thank Drs. Brent Orr (St. Jude Hospital), Wenzhe Niu, and Zilai Zhang, and Mou Cao 

for technical support and Dr. Chao Xing and the UTSW Sequencing Facility for performing 

the next generation sequencing and RNA-seq analyses. We thank Drs. Lin Gan and Jane 

Johnson for providing the Atoh1-Cre mice and Dr. Ching-Ping Chang for providing human 

Brg1 shRNA constructs.  This work was supported by grants from March of Dimes 

Foundation (J. Wu), American Cancer Society (J. Wu), NIMH (J. Wu) and Department of 

Defense Visionary postdoc fellowship (X. Shi). 

Contributions 

J.W and X.S. designed the experiments.  X.S., Q.W, and J.W. performed the experiments 

and collected the data.  X.S. and J.W. analyzed the results.  J.G. and Z.X. performed the 

main bioinformatics analyses. J.W. wrote the manuscript with help from all authors. 



22 

References: 

1 Anne SL, Govek EE, Ayrault O, Kim JH, Zhu X, Murphy DA et al. WNT3 inhibits 
cerebellar granule neuron progenitor proliferation and medulloblastoma 
formation via MAPK activation. PLoS One 2013; 8: e81769. 

2 Barakat MT, Humke EW, Scott MP. Learning from Jekyll to control Hyde: 
Hedgehog signaling in development and cancer. Trends Mol Med 2010; 16: 
337-348. 

3 Ben-Arie N, Bellen HJ, Armstrong DL, McCall AE, Gordadze PR, Guo Q et al. 
Math1 is essential for genesis of cerebellar granule neurons. Nature 1997; 390: 
169-172. 

4 Briscoe J, Therond PP. The mechanisms of Hedgehog signalling and its roles in 
development and disease. Nat Rev Mol Cell Biol 2013; 14: 416-429. 

5 Canettieri G, Di Marcotullio L, Greco A, Coni S, Antonucci L, Infante P et al. 
Histone deacetylase and Cullin3-REN(KCTD11) ubiquitin ligase interplay 
regulates Hedgehog signalling through Gli acetylation. Nat Cell Biol 2010; 12: 
132-142. 

6 Chen JK, Taipale J, Young KE, Maiti T, Beachy PA. Small molecule modulation of 
Smoothened activity. Proc Natl Acad Sci U S A 2002; 99: 14071-14076. 

7 Chong JA, Tapia-Ramirez J, Kim S, Toledo-Aral JJ, Zheng Y, Boutros MC et al. 
REST: a mammalian silencer protein that restricts sodium channel gene 
expression to neurons. Cell 1995; 80: 949-957. 

8 Corrales JD, Rocco GL, Blaess S, Guo Q, Joyner AL. Spatial pattern of sonic 
hedgehog signaling through Gli genes during cerebellum development. 
Development 2004; 131: 5581-5590. 

9 Dahmane N, Ruiz i Altaba A. Sonic hedgehog regulates the growth and 
patterning of the cerebellum. Development 1999; 126: 3089-3100. 

10 Dakubo GD, Mazerolle CJ, Wallace VA. Expression of Notch and Wnt pathway 
components and activation of Notch signaling in medulloblastomas from 
heterozygous patched mice. Journal of neuro-oncology 2006; 79: 221-227. 

11 Dietrich N, Lerdrup M, Landt E, Agrawal-Singh S, Bak M, Tommerup N et al. 
REST-mediated recruitment of polycomb repressor complexes in mammalian 
cells. PLoS Genet 2012; 8: e1002494. 



23 

12 Dubuc AM, Remke M, Korshunov A, Northcott PA, Zhan SH, Mendez-Lago M et 
al. Aberrant patterns of H3K4 and H3K27 histone lysine methylation occur 
across subgroups in medulloblastoma. Acta neuropathologica 2013; 125: 373-
384. 

13 Fernandez LA, Northcott PA, Dalton J, Fraga C, Ellison D, Angers S et al. YAP1 is 
amplified and up-regulated in hedgehog-associated medulloblastomas and 
mediates Sonic hedgehog-driven neural precursor proliferation. Genes Dev 
2009; 23: 2729-2741. 

14 Flora A, Klisch TJ, Schuster G, Zoghbi HY. Deletion of Atoh1 disrupts Sonic 
Hedgehog signaling in the developing cerebellum and prevents 
medulloblastoma. Science 2009; 326: 1424-1427. 

15 Fuccillo M, Joyner AL, Fishell G. Morphogen to mitogen: the multiple roles of 
hedgehog signalling in vertebrate neural development. Nat Rev Neurosci 2006; 
7: 772-783. 

16 Gajjar A, Chintagumpala M, Ashley D, Kellie S, Kun LE, Merchant TE et al. Risk-
adapted craniospinal radiotherapy followed by high-dose chemotherapy and 
stem-cell rescue in children with newly diagnosed medulloblastoma (St Jude 
Medulloblastoma-96): long-term results from a prospective, multicentre trial. 
Lancet Oncol 2006; 7: 813-820. 

17 Hargreaves DC, Crabtree GR. ATP-dependent chromatin remodeling: genetics, 
genomics and mechanisms. Cell Res 2011; 21: 396-420. 

18 Hasselblatt M, Nagel I, Oyen F, Bartelheim K, Russell RB, Schuller U et al. 
SMARCA4-mutated atypical teratoid/rhabdoid tumors are associated with 
inherited germline alterations and poor prognosis. Acta neuropathologica 
2014; 128: 453-456. 

19 Hayashi S, McMahon AP. Efficient recombination in diverse tissues by a 
tamoxifen-inducible form of Cre: a tool for temporally regulated gene 
activation/inactivation in the mouse. Dev Biol 2002; 244: 305-318. 

20 Ho L, Jothi R, Ronan JL, Cui K, Zhao K, Crabtree GR. An embryonic stem cell 
chromatin remodeling complex, esBAF, is an essential component of the core 
pluripotency transcriptional network. Proc Natl Acad Sci U S A 2009; 106: 
5187-5191. 

21 Hu G, Schones DE, Cui K, Ybarra R, Northrup D, Tang Q et al. Regulation of 
nucleosome landscape and transcription factor targeting at tissue-specific 
enhancers by BRG1. Genome Res 2011; 21: 1650-1658. 



 24 

22 Ingham PW, McMahon AP. Hedgehog signaling in animal development: 
paradigms and principles. Genes Dev 2001; 15: 3059-3087. 

 
23 Jagani Z, Mora-Blanco EL, Sansam CG, McKenna ES, Wilson B, Chen D et al. Loss 

of the tumor suppressor Snf5 leads to aberrant activation of the Hedgehog-Gli 
pathway. Nat Med 2010. 

 
24 Jiang J, Hui CC. Hedgehog signaling in development and cancer. Dev Cell 2008; 

15: 801-812. 
 
25 Johnson R, Teh CH, Kunarso G, Wong KY, Srinivasan G, Cooper ML et al. REST 

regulates distinct transcriptional networks in embryonic and neural stem cells. 
PLoS biology 2008; 6: e256. 

 
26 Jones DT, Jager N, Kool M, Zichner T, Hutter B, Sultan M et al. Dissecting the 

genomic complexity underlying medulloblastoma. Nature 2012; 488: 100-105. 
 
27 Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J et al. Proteomic and 

bioinformatic analysis of mammalian SWI/SNF complexes identifies extensive 
roles in human malignancy. Nat Genet 2013; 45: 592-601. 

 
28 Khavari PA, Peterson CL, Tamkun JW, Mendel DB, Crabtree GR. BRG1 contains 

a conserved domain of the SWI2/SNF2 family necessary for normal mitotic 
growth and transcription. Nature 1993; 366: 170-174. 

 
29 Klisch TJ, Xi Y, Flora A, Wang L, Li W, Zoghbi HY. In vivo Atoh1 targetome 

reveals how a proneural transcription factor regulates cerebellar development. 
Proc Natl Acad Sci U S A 2011; 108: 3288-3293. 

 
30 Kool M, Jones DT, Jager N, Northcott PA, Pugh TJ, Hovestadt V et al. Genome 

sequencing of SHH medulloblastoma predicts genotype-related response to 
smoothened inhibition. Cancer Cell 2014; 25: 393-405. 

 
31 Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient 

alignment of short DNA sequences to the human genome. Genome Biol 2009; 
10: R25. 

 
32 Lee EY, Ji H, Ouyang Z, Zhou B, Ma W, Vokes SA et al. Hedgehog pathway-

regulated gene networks in cerebellum development and tumorigenesis. Proc 
Natl Acad Sci U S A 2010; 107: 9736-9741. 

 
33 Lessard J, Wu JI, Ranish JA, Wan M, Winslow MM, Staahl BT et al. An Essential 

Switch in Subunit Composition of a Chromatin Remodeling Complex during 
Neural Development. Neuron 2007; 55: 201-215. 

 



25 

34 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N et al. The Sequence 
Alignment/Map format and SAMtools. Bioinformatics 2009; 25: 2078-2079. 

35 Li Q, Wang HY, Chepelev I, Zhu Q, Wei G, Zhao K et al. Stage-dependent and 
locus-specific role of histone demethylase Jumonji D3 (JMJD3) in the 
embryonic stages of lung development. PLoS Genet 2014; 10: e1004524. 

36 Malatesta M, Steinhauer C, Mohammad F, Pandey DP, Squartrito M, Helin K. 
Histone acetyltransferase PCAF is required for Hedgehog-Gli-dependent 
transcription and cancer cell proliferation. Cancer Res 2013. 

37 Mao J, Ligon KL, Rakhlin EY, Thayer SP, Bronson RT, Rowitch D et al. A novel 
somatic mouse model to survey tumorigenic potential applied to the Hedgehog 
pathway. Cancer Res 2006; 66: 10171-10178. 

38 Markant SL, Esparza LA, Sun J, Barton KL, McCoig LM, Grant GA et al. Targeting 
sonic hedgehog-associated medulloblastoma through inhibition of Aurora and 
Polo-like kinases. Cancer Res 2013; 73: 6310-6322. 

39 Miller SA, Mohn SE, Weinmann AS. Jmjd3 and UTX play a demethylase-
independent role in chromatin remodeling to regulate T-box family member-
dependent gene expression. Mol Cell 2010; 40: 594-605. 

40 Moreno N, Schmidt C, Ahlfeld J, Poschl J, Dittmar S, Pfister SM et al. Loss of 
Smarc proteins impairs cerebellar development. J Neurosci 2014; 34: 13486-
13491. 

41 Natarajan S, Li Y, Miller EE, Shih DJ, Taylor MD, Stearns TM et al. Notch1-
induced brain tumor models the sonic hedgehog subgroup of human 
medulloblastoma. Cancer Res 2013; 73: 5381-5390. 

42 Negrini S, Prada I, D'Alessandro R, Meldolesi J. REST: an oncogene or a tumor 
suppressor? Trends Cell Biol 2013; 23: 289-295. 

43 Northcott PA, Jones DT, Kool M, Robinson GW, Gilbertson RJ, Cho YJ et al. 
Medulloblastomics: the end of the beginning. Nat Rev Cancer 2012; 12: 818-
834. 

44 Northcott PA, Shih DJ, Peacock J, Garzia L, Morrissy AS, Zichner T et al. 
Subgroup-specific structural variation across 1,000 medulloblastoma genomes. 
Nature 2012; 488: 49-56. 

45 Ooi L, Belyaev ND, Miyake K, Wood IC, Buckley NJ. BRG1 chromatin remodeling 
activity is required for efficient chromatin binding by repressor element 1-
silencing transcription factor (REST) and facilitates REST-mediated repression. 
J Biol Chem 2006; 281: 38974-38980. 



26 

46 Parsons DW, Li M, Zhang X, Jones S, Leary RJ, Lin JC et al. The genetic landscape 
of the childhood cancer medulloblastoma. Science 2011; 331: 435-439. 

47 Popov N, Gil J. Epigenetic regulation of the INK4b-ARF-INK4a locus: in sickness 
and in health. Epigenetics 2010; 5: 685-690. 

48 Pugh TJ, Weeraratne SD, Archer TC, Pomeranz Krummel DA, Auclair D, 
Bochicchio J et al. Medulloblastoma exome sequencing uncovers subtype-
specific somatic mutations. Nature 2012; 488: 106-110. 

49 Robinson G, Parker M, Kranenburg TA, Lu C, Chen X, Ding L et al. Novel 
mutations target distinct subgroups of medulloblastoma. Nature 2012; 488: 
43-48. 

50 Romero OA, Torres-Diz M, Pros E, Savola S, Gomez A, Moran S et al. MAX 
inactivation in small cell lung cancer disrupts MYC-SWI/SNF programs and is 
synthetic lethal with BRG1. Cancer discovery 2014; 4: 292-303. 

51 Rutkowski S, von Hoff K, Emser A, Zwiener I, Pietsch T, Figarella-Branger D et 
al. Survival and prognostic factors of early childhood medulloblastoma: an 
international meta-analysis. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology 2010; 28: 4961-4968. 

52 Schoenherr CJ, Anderson DJ. The neuron-restrictive silencer factor (NRSF): a 
coordinate repressor of multiple neuron-specific genes. Science 1995; 267: 
1360-1363. 

53 Schuller U, Heine VM, Mao J, Kho AT, Dillon AK, Han YG et al. Acquisition of 
granule neuron precursor identity is a critical determinant of progenitor cell 
competence to form Shh-induced medulloblastoma. Cancer Cell 2008; 14: 123-
134. 

54 Sengupta R, Dubuc A, Ward S, Yang L, Northcott P, Woerner BM et al. CXCR4 
activation defines a new subgroup of Sonic hedgehog-driven medulloblastoma. 
Cancer Res 2012; 72: 122-132. 

55 Sengupta S, Weeraratne SD, Sun H, Phallen J, Rallapalli SK, Teider N et al. 
alpha5-GABAA receptors negatively regulate MYC-amplified medulloblastoma 
growth. Acta neuropathologica 2014; 127: 593-603. 

56 Shi J, Whyte WA, Zepeda-Mendoza CJ, Milazzo JP, Shen C, Roe JS et al. Role of 
SWI/SNF in acute leukemia maintenance and enhancer-mediated Myc 
regulation. Genes Dev 2013; 27: 2648-2662. 



27 

57 Shi X, Zhang Z, Zhan X, Cao M, Satoh T, Akira S et al. An epigenetic switch 
induced by Shh signalling regulates gene activation during development and 
medulloblastoma growth. Nat Commun 2014; 5: 5425. 

58 Smits M, van Rijn S, Hulleman E, Biesmans D, van Vuurden DG, Kool M et al. 
EZH2-regulated DAB2IP is a medulloblastoma tumor suppressor and a positive 
marker for survival. Clin Cancer Res 2012; 18: 4048-4058. 

59 Stankunas K, Hang CT, Tsun ZY, Chen H, Lee NV, Wu JI et al. Endocardial Brg1 
represses ADAMTS1 to maintain the microenvironment for myocardial 
morphogenesis. Dev Cell 2008; 14: 298-311. 

60 Sumi-Ichinose C, Ichinose H, Metzger D, Chambon P. SNF2beta-BRG1 is 
essential for the viability of F9 murine embryonal carcinoma cells. Mol Cell Biol 
1997; 17: 5976-5986. 

61 Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ et al. 
Transcript assembly and quantification by RNA-Seq reveals unannotated 
transcripts and isoform switching during cell differentiation. Nat Biotechnol 
2010; 28: 511-515. 

62 Triscott J, Lee C, Foster C, Manoranjan B, Pambid MR, Berns R et al. 
Personalizing the treatment of pediatric medulloblastoma: Polo-like kinase 1 
as a molecular target in high-risk children. Cancer Res 2013; 73: 6734-6744. 

63 Uziel T, Zindy F, Sherr CJ, Roussel MF. The CDK inhibitor p18Ink4c is a tumor 
suppressor in medulloblastoma. Cell Cycle 2006; 5: 363-365. 

64 Versteege I, Sevenet N, Lange J, Rousseau-Merck MF, Ambros P, Handgretinger 
R et al. Truncating mutations of hSNF5/INI1 in aggressive paediatric cancer. 
Nature 1998; 394: 203-206. 

65 Wallace VA. Purkinje-cell-derived Sonic hedgehog regulates granule neuron 
precursor cell proliferation in the developing mouse cerebellum. Curr Biol 
1999; 9: 445-448. 

66 Wang VY, Zoghbi HY. Genetic regulation of cerebellar development. Nat Rev 
Neurosci 2001; 2: 484-491. 

67 Wang X, Sansam CG, Thom CS, Metzger D, Evans JA, Nguyen PT et al. 
Oncogenesis caused by loss of the SNF5 tumor suppressor is dependent on 
activity of BRG1, the ATPase of the SWI/SNF chromatin remodeling complex. 
Cancer Res 2009; 69: 8094-8101. 



28 

68 Wetmore C, Eberhart DE, Curran T. Loss of p53 but not ARF accelerates 
medulloblastoma in mice heterozygous for patched. Cancer Res 2001; 61: 513-
516. 

69 Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer. Nat Rev 
Cancer 2011; 11: 481-492. 

70 Witkowski L, Carrot-Zhang J, Albrecht S, Fahiminiya S, Hamel N, Tomiak E et al. 
Germline and somatic SMARCA4 mutations characterize small cell carcinoma 
of the ovary, hypercalcemic type. Nat Genet 2014; 46: 438-443. 

71 Wu JI, Lessard J, Crabtree GR. Understanding the words of chromatin 
regulation. Cell 2009; 136: 200-206. 

72 Wu JI. Diverse functions of ATP-dependent chromatin remodeling complexes 
in development and cancer. Acta Biochim Biophys Sin (Shanghai) 2012; 44: 54-
69. 

73 Yang H, Xie X, Deng M, Chen X, Gan L. Generation and characterization of 
Atoh1-Cre knock-in mouse line. Genesis 2010; 48: 407-413. 

74 Yu Y, Chen Y, Kim B, Wang H, Zhao C, He X et al. Olig2 targets chromatin 
remodelers to enhancers to initiate oligodendrocyte differentiation. Cell 2013; 
152: 248-261. 

75 Zang C, Schones DE, Zeng C, Cui K, Zhao K, Peng W. A clustering approach for 
identification of enriched domains from histone modification ChIP-Seq data. 
Bioinformatics 2009; 25: 1952-1958. 

76 Zhan X, Shi X, Zhang Z, Chen Y, Wu JI. Dual role of Brg chromatin remodeling 
factor in Sonic hedgehog signaling during neural development. Proc Natl Acad 
Sci U S A 2011; 108: 12758-12763. 



29 

Figure Legends 

Figure 1. Brg1 is required for CGNP proliferation and cerebellum development. 

A, A’. Conditional deletion of Brg1 in CGNPs using Atoh1-Cre led to reduced cerebellum 

size at postnatal day 12 (P12) compared to wild-type mice. B, B’. H&E staining of sagittal 

sections of P12 wild-type and Brg1-mutant cerebellum. The Brg1-mutant cerebella are 

significantly smaller than the wild type. C.C’. Immunostaining of P12 wild-type and Brg1 

mutant cerebellum demonstrates the deletion of Brg1 from many CGNPs and granule 

neuron progenies in the mutant. The extra granule layer (EGL) is thinner in Brg1-mutant 

cerebellum. The higher magnification images of the EGL regions in the boxes are shown 

at the bottom. D. D’. BrdU labeling in P8 Brg1-mutant cerebellum EGL is decreased 

relative to that in wild-type EGL. BrdU was injected 2 hours before sacrifice. The 

quantification of BrdU-positive cells in EGL is plotted. 

Figure 2. Brg1 is required for SmoM2 medulloblastoma formation and progression. 

A. H&E and Ki67 staining of sagittal sections of cerebella from P28 Atoh1-Cre SmoM2 

Brg1+/+ or Atoh1-Cre SmoM2 Brg1F/F mice.  Arrows indicate a few Ki67 positive tumor 

initiation areas. B. Deletion of Brg1 significantly extended survival time for mice harboring 

SmoM2 medulloblastoma. Shown are survival curves of Atoh1-Cre SmoM2 mice with 

Brg1+/+, Brg1F/+, or Brg1F/F alleles (n=15, 19, and 13, respectively). Log-rank test was used 

to determine the significance. C. The genetic strategy for deletion of Brg1 in SmoM2 

medulloblastoma. LoxP sites flanking the stop signal and Brg1 exons are shown as empty 

triangles. Leaky CAG-CreER activity induces SmoM2 expression and medulloblastoma 

formation with an intact Brg1 floxed allele. Treatment with tamoxifen activates CreER to 

induce Brg1 deletion in tumors. Tamoxifen applied before tumor formation will induce the 

expression of SmoM2 and deletion of Brg1 simultaneously. D. CAG-CreER SmoM2 

Brg1F/F medulloblastomas grown in the absence of tamoxifen induction were transplanted 

subcutaneously into SCID-NOD mice. Mice were injected with tamoxifen (Tam) or oil 

control after tumors became visible at 20 days after transplantation.  Examples of tumors 

after oil or tamoxifen treatment are shown in top panels. Genotyping results indicate the 

presence of the recombined Brg1 allele only in tamoxifen-treated samples. The 

remaining Brg1F allele results from partial recombination of Brg1 allele. The Brg1+ alleles 

are from the host tissues. Shown right is the quantifications of transplanted Brg1F/F tumor 

sizes after tamoxifen or oil treatment. n=6 for oil treatment and n=5 for tamoxifen 

treatment. E. Tamoxifen induced Brg1 deletion from transplanted CAG-CreER SmoM2 
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Brg1F/F medulloblastoma led to decreased tumor proliferation as indicated by decreased 

staining of proliferation markers H3P and BrdU (n=3). Student’s t-test. *: p<0.05; **: 

p<0.01.  

 

Figure 3. Brg1 deletion inhibits the transcription program specifically expressed in 

SmoM2 medulloblastoma. A-B. Tamoxifen (Tam) treatment of SCID-NOD recipient mice 

with CAG-CreER SmoM2 Brg1F/F medulloblastoma transplantation led to (A) decreased 

Gli1 expression as indicated by western blot and (B) decreased expression of Shh target 

genes and other known medulloblastoma oncogenes as shown by RT-qPCR. Controls 

were treated with vehicle (Oil). C. Significant overlap between Brg1-regulated genes and 

genes differentially expressed in SmoM2 tumors versus normal cerebellum tissues. Brg1-

regulated genes were identified by comparing gene profiles between SmoM2 

medulloblastoma with or without Brg1 deletion. D. Brg1 activates and represses gene sets 

specifically activated or repressed in SmoM2 tumors. Genes regulated by Brg1 and 

SmoM2 were placed in a 20x20 matrix with ranked fold changes on both axes. The color 

key indicates the number of genes falling into each unit. E. Gene ontology analysis of the 

Brg1-regulated genes indicates the main categories of genes activated or repressed by 

Brg1 in SmoM2 medulloblastoma. Significance was determined by Student’s t-test. **: 

p<0.01. 

 

Figure 4. Brg1 is required for the specific transcriptional regulatory circuitry 

controlling SmoM2 medulloblastoma. A. Genomic distribution of Brg1 ChIP-seq binding 

regions identified in SmoM2 medulloblastoma using SICER program. B. Distribution of 

Brg1-binding regions in a gene unit. The center of the Brg1-binding regions was used for 

the analyses. C. Venn diagram indicating the overlap between Brg1-binding genes and 

Brg1-regulated genes in medulloblastoma. Also indicated are genes containing both Brg1 

and Gli1 binding regions.  D. Significant overlap between Brg1-binding genes and Atoh1-

binding genes. The number in parentheses indicates the number of genes regulated by 

Brg1 in medulloblastoma. E. Comparison of the percentages of target genes of Gli1, 

Atoh1, and Gli1/Atoh1 that are bound by Brg1. A significant enrichment of Brg1 occupancy 

was observed in the genes with Gli1 and/or Atoh1 binding sites. F. A significant number of 

potential REST target genes are bound and repressed by Brg1 in medulloblastoma. G. 

Snapshots of Brg1 occupancy on representative Gli1 and Atoh1 target oncogenes. The 

genomic structures of the genes are shown below graphs with 5’ on the left. Brg1-binding 
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regions identified using SICER are shown as black bars under the ChIP-seq signals. The 

Gli1 and Atoh1 binding sites close to the Brg1-binding regions are shown as red and green 

bars, respectively. H. Confirmation of the differential expression of Brg1 target genes by 

RT-qPCR in SmoM2 medulloblastoma with or without Brg1 deletion. The classification of 

the selected genes is listed below the gene names. TS: tumor suppressors. Significance 

was determined by Student’s t-test. *: p<0.05; **: p<0.01. 

Figure 5. Brg1 regulates the activities of H3K27me3 modifiers in medulloblastoma. 

A. Brg1 deletion in primary SmoM2 medulloblastoma led to increased global H3K27me3 

and decreased levels of PRC2 subunits as shown by immunostaining. The quantifications 

of immunohistochemistry densities normalized to Brg1+/+ tumors are shown on the right. B. 

RT-qPCR analyses of expression levels of PRC2 subunits and H3K27me3 demethylase in 

SmoM2 medulloblastoma with or without Brg1 deletion. C-E. ChIP-qPCR experiments 

indicate increased or decreased H3K27me3 levels at the regulatory regions of Brg1 target 

genes in SmoM2 medulloblastoma upon Brg1 deletion. F. Decreased Jmjd3 binding to the 

Gli1 gene regulatory region in Shh-treated, Brg1-deleted CGNPs as shown by ChIP-

qPCR. A region upstream of Gli1 gene was used as a negative control for Jmjd3 binding. 

Significance was determined by Student’s t-test. *: p<0.05, **: p<0.01.  

Figure 6. Brg1 function is conserved in human Shh-type medulloblastoma. 

A. The transcription pathways regulated by Brg1 in SmoM2 mouse medulloblastoma are 

also specific to human Shh-type medulloblastoma. Using a microarray dataset of 76 

human pediatric medulloblastoma samples with known subtypes (GSE37418), the 

average expression levels of human homologs of Brg1-activated Gli1 or Atoh1 targets as 

well as Brg1-repressed REST targets in each of the four types of medulloblastoma were 

compared. The subgroup with the highest expression level for each Brg1-activated genes 

and the subgroup with the lowest expression for each Brg1 repressed genes were 

identified and counted. The distributions of #1 or #4 ranked genes in each subgroup for 

the three Brg1-regulated gene lists are shown. The dash line indicates the expected 25% 

for each subgroup if there are no specificities. B. The average expression levels of 

example genes in each medulloblastoma subtype in the human microarray dataset. 

SMARCA4/Brg1 is highly expressed in all tumor samples. Expression levels of human 

GLI1 and ATOH1 were significantly higher, whereas that of a REST target CACAN1G was 

significantly lower, in Shh-type medulloblastoma than in other subgroups. The numbers in 
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parentheses indicate the number of tumor samples in each subgroup.  C-D. RNAi-

mediated Brg1 inhibition in Gli1-activated human medulloblastoma cell line DaoY led to 

(C) reduced Gli1/Atoh1 target gene expression as shown by RT-qPCR and (D) decreased 

cell growth as analyzed by ATP cell viability assays. E. RNAi-mediated Brg1 inhibition did 

not affect the growth of D283 human medulloblastoma cell line. F. RT-qPCR analyses of 

mRNA levels of Brg1 in DaoY and D283 cells with or without Brg1 RNAi inhibition.   G. 

Western blot assays show the endogenous Brg1 and exogenous HA-Gli1 protein levels in 

DaoY cells with or without inhibition of Brg1 expression. H. Western blot assays show 

global H3K27me3 levels in DaoY and D283 cells with or without inhibition of Brg1 

expression. Significance was determined using t-test or ANOVA with post hoc t-test. ** 

indicates p<0.01 and * indicates p<0.05. 

 

Figure 7. Chromatin regulator Brg1 controls the transcriptional regulatory circuits 

underlying Shh-type medulloblastoma growth.  

A model representing specific functions of Brg1 in regulating the transcriptional regulatory 

circuits that control Shh-type medulloblastoma. Brg1 activates target genes of two key 

regulators of Shh-type medulloblastoma, Gli1 and Atoh1. Brg1 represses the expression of 

Shh-type medulloblastoma specific tumor suppressors and REST-targeted neuronal 

genes.  Brg1 deletion led to the inhibition of Shh-type medulloblastoma growth by 

deregulation of the essential transcription program. 
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Figure 6. Brg1 function is conserved in human Shh-type medulloblastoma.
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Figure 7. chromatin regulator Brg1 controls the transcriptional regulatory     
circuits underlying Shh-type medulloblastoma growth. 
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A positive feedback loop between Gli1 and tyrosine kinase
Hck amplifies shh signaling activities in medulloblastoma
X Shi, X Zhan and J Wu

Sonic hedgehog (Shh) signaling is critical during normal development, and the abnormal activation of the Shh pathway is involved
in many human cancers. As a target gene of the Shh pathway and as a transcription activator downstream of Shh signaling,
Gli1 autoregulates and increases Shh signaling output. Gli1 is one of the key oncogenic factors in Shh-induced tumors such as
medulloblastoma. Gli1 is posttranslationally modified, but the nature of the active form of Gli1 was unclear. Here we identified a Src
family kinase Hck as a novel activator of Gli1. In Shh-responsive NIH3T3 cells, Hck interacts with Gli1 and phosphorylates multiple
tyrosine residues in Gli1. Gli1-mediated target gene activation was significantly enhanced by Hck with both kinase activity-
dependent and -independent mechanisms. We provide evidence showing that Hck disrupts the interaction between Gli1 and its
inhibitor Sufu. In both NIH3T3 cells and cerebellum granule neuron precursors, the Hck gene is also a direct target of Gli1. Therefore,
Gli1 and Hck form a positive feedback loop that amplifies Shh signaling transcription outcomes. In Shh-induced medulloblastoma,
Hck is highly expressed and Gli1 is tyrosine phosphorylated, which may enhance the tumorigenic effects of the Gli1 oncogene.
RNAi-mediated inhibition of Hck expression significantly repressed medulloblastoma cell growth. In summary, a novel positive
feedback loop contributes to maximal Gli1 oncogenic activities in Shh-induced tumors such as medulloblastoma.

Oncogenesis (2015) 4, e176; doi:10.1038/oncsis.2015.38; published online 30 November 2015

INTRODUCTION
Sonic hedgehog (Shh) signaling has critical roles in many
development processes, and dysregulation of Shh signaling has
been implicated in diseases and cancers such as those in
cerebellum, skin, pancreas, prostate and lung.1–6 In cerebellum
during early postnatal development, Shh secreted from Purkinje
neurons functions as a mitogen to stimulate the proliferation of
cerebellum granular neuron precursor (CGNP) cells.7–10 Mutations
leading to constitutively active Shh signaling in CGNPs cause
CGNP over-proliferation and Shh-type medulloblastoma, which
accounts for 25% of all medulloblastoma cases and is the most
frequent malignant childhood brain tumor.11–15 Shh signaling
transduced by Patched (Ptch1) and Smoothened (Smo)
induces target gene expression by activating Gli transcription
activators.1,3,16,17 Gli1 is a sensitive Shh target gene and functions
solely as a transcription activator in response to Shh signaling.
Thus it forms an auto-positive feedback loop that enhances Shh
signaling outcomes.5,18 Although Gli1 is not essential for devel-
opment, it is a potent oncogene and is required for Shh-induced
tumor growth.19–21 Gli1 expression is elevated in many cancer
types with elevated Shh signaling.3 Inhibiting Gli1 activity would
likely be an effective approach for treating these cancers. Thus,
understanding the largely unknown mechanisms of Gli1 activation
will provide insights into the mechanism of cancer growth and will
guide development of treatments.22,23

An important regulator of Gli1 activities is the inhibitor Sufu,
which sequesters Gli1 in the cytoplasm and also inhibits Gli1
activities in the nucleus.22,24–26 In addition, Gli1 activities are
regulated by posttranslational modification events such as
Ser/Thr phosphorylation. It can also be acetylated, ubiquitinated
and sumoylated.6,26–28 Several posttranslational modifications

potentially interrupt the Gli1–Sufu interactions and release Gli1
from the inhibition by Sufu.22,26 Gli1 modification enzymes such as
histone deacetylases and atypical protein kinase C (aPKC) family
members ι and λ are promising targets for the treatment of
Shh-related cancers.28,29

Several Tyr residues in Gli1 are conserved, but until our study, it
was not known whether Gli1 was Tyr phosphorylated or whether
tyrosine kinases function in regulating Gli1 activities. In mammals,
there are 10 families of nonreceptor tyrosine kinases.30,31 The Src
family, consisting of Src, Hck, Lyn, Fyn, Fgr, Blk, Lck, Yes and Ylk,
play essential roles in malignant transformation and tumor
progression.32,33 Besides the kinase activities, Src family kinases
also display kinase activity-independent functions,34,35 mostly
through protein-protein interactions. The Src family kinase Hck has
a known function in hematopoiesis.36,37 Interestingly, Hck was
identified in a genome-wide study of potential Gli1 binding genes
in CGNPs and in Shh-type medulloblastoma.38 As Shh/Gli target
genes such as Gli1, Ptch1, Hhip and aPKC-ι/λ are Shh pathway
regulators, it is possible that Hck also regulates Shh signaling.
In this report, we show that Hck is a direct target gene of Shh

signaling and can be activated by Gli1 in both NIH3T3 cells and in
CGNPs. Hck interacts with Gli1 and phosphorylates it at multiple
Tyr residues. Hck enhances Gli1-mediated target gene activation
through both kinase activity-dependent and -independent
mechanisms. We provide evidences showing that Hck releases
Gli1 from Sufu inhibition by disrupting the Gli1–Sufu interaction.
Therefore, Gli1 and Hck form a positive feedback loop to amplify
Shh signaling outcomes. In Shh-induced medulloblastoma, both
Gli1 and Hck are expressed at high levels and Gli1 is Tyr
phosphorylated. RNAi-mediated inhibition of Hck expression
significantly inhibited tumor cell growth. Thus, Gli1–Hck positive
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feedback loop enhances Gli1 oncogenic effects and contribute to
the growth of medulloblastoma.

RESULTS
Hck is a direct target of Gli1 in response to Shh signaling
In an experiment using RNA-seq designed to identify
Shh-responsive genes in mouse embryonic fibroblasts (MEFs),
we observed that Hck expression was induced by Shh treatment.39

In a previous study, Hck was identified as a Gli1 binding gene
in both CGNPs and medulloblastoma.38 To validate that Hck is a
Shh/Gli target gene, we treated Shh-responsive NIH3T3 cells with
Shh-conditioned medium. The Hck mRNA (messenger RNA) level
was significantly upregulated after Shh treatment. Gli1 was also
upregulated indicating that NIH3T3 cells were activated by Shh
(Figure 1a). In CGNP cultures, Shh treatment significantly induced
the expression of Gli1 and Hck (Figure 1b). In addition, when we
expressed exogenous Gli proteins in NIH3T3 cells, the levels of
both Hck and another Gli target gene Ptch1 were significantly
increased by Gli1 (Figure 1c). Three Gli transcription factors were
evaluated, and Hck expression was most sensitive to Gli1
(Figure 1d).
Previous chromatin immunoprecipitation (ChIP)-on-Chip experi-

ments in CGNP and medulloblastoma identified a potential Gli1
binding site ~ 1.1 kb upstream of the transcription start site of Hck;
the region harbors a Gli binding motif (Figure 1e, Supplementary
Figure S1).38 To determine whether Gli1 regulates Hck through
direct binding, we performed ChIP experiments using antibodies
against HA-Gli1 in NIH3T3 cells. ChIP quantitative PCR analyses
indicate that Gli1 bound to the upstream enhancer region but not
the region surrounding the transcription start site (Figure 1f).
To further understand the regulation of the Hck gene by Gli1, we
cloned 1.7 kb of genomic DNA, including the Hck transcription
start site and the putative Gli1 binding region, into a luciferase
reporter vector. The Hck reporter was significantly upregulated
upon co-transfection of Gli1 (Figure 1g). Truncation or internal
deletion of the Gli1 binding region significantly impaired
Gli1-induced reporter activities. Mutation of the 9-bp Gli binding
motif resulted in a similar loss of the responsiveness to Gli1
activation (Figure 1g). Taken together, our data indicate that
Shh-induced Hck expression is mediated by direct binding of Gli1
to the regulatory region upstream of the Hck promoter.

Acute depletion of Hck leads to impaired Shh signaling gene
expression
To determine whether Hck regulates Shh signaling, we inhibited
Hck expression using lentivirus-mediated expression of an RNAi
agent in NIH3T3 cells. Although Hck inhibition did not affect the
basal expression of Shh target genes Gli1 and Ptch1, Shh-induced
expression of these genes was significantly impaired, indicating
that Hck functions in Shh-induced Gli target gene activation
(Figures 2a and c). Importantly, the defective gene activation in
response to Shh was rescued by an RNAi-resistant human wild-
type Hck (Figure 2d). Significantly higher Gli1 expression was
observed in the presence of exogenous wild-type Hck than in
control cells; this is likely owing to overexpression of Hck. Notably,
a kinase-inactive form of Hck (Hck-K269E)40 did not rescue the
defective Gli1 activation that resulted from Hck inhibition despite
the high levels of expression of the mutant protein (Figure 2d).
Thus, Hck is required for Shh signaling in NIH3T3 cells, and its
kinase activity is required.

Hck enhances Gli1-mediated target gene activation to form a
positive feedback loop
To delineate how Hck regulates Gli-mediated gene transcription in
response to Shh signaling, we co-expressed Gli1 and Hck in

NIH3T3 cells. Exogenous Gli1 activated the expression of
endogenous Shh target genes Ptch1, Gli1 and Hck as expected,
whereas Hck alone had a moderate or no effect on the target gene
expression. Expression levels of exogenous human Hck and
endogenous Hck were distinguished by using specific PCR primers
in human and mouse Hck genes, respectively. Interestingly,
co-expression of Hck and Gli1 significantly enhanced Gli1 activator
activities. All Shh target genes tested were expressed at higher
levels in the presence of exogenous Hck than in the presence
of Gli1 alone (Figures 3a and c). Interestingly, the kinase-dead
Hck-K269E mutant protein also enhanced Gli1-mediated target
gene induction albeit with less fold change than wild-type
Hck (Figure 3d), suggesting that besides the kinase activities,
kinase-independent mechanisms also exist to activate Gli1. Thus,
as Hck is a target gene of Gli1 and it encodes an activator of Gli1,
Hck and Gli1 form a positive feedback loop that amplifies Shh
signaling outcomes.

Hck phosphorylates multiple residues in Gli1 through direct
binding
Hck is a Src family tyrosine kinase; Hck phosphorylates itself
and other substrate proteins.41 To examine whether Hck can
phosphorylate Gli1, we expressed HA-tagged Gli1 and Hck
individually or simultaneously in NIH3T3 cells, then immuno-
precipitated proteins phosphorylated at Tyr using the antibody
4G10 specific for phosphorylated Tyr residues. Consistent with
the previously reported auto-phosphorylation function of Hck,41

HA-Hck migrated at ~ 59 kD was detected in the proteins
precipitated with 4G10 from cells expressing exogenous Hck.
Without exogenously expressed Hck, Gli1 was not precipitated
with 4G10. With co-expressed Hck, HA-Gli1 migrated at ~ 150 kD
was detected in the 4G10 precipitations (Figure 4a), suggesting
that Gli1 is phosphorylated by Hck. To determine whether
Hck interacts with Gli1, we performed co-immunoprecipitation
experiments. NIH3T3 cells were transfected with vectors for
expression of Gli1-GFP and/or HA-Hck. Cell lysates were immuno-
precipitated with antibodies against the GFP tag. HA-Hck
was co-immunoprecipitated with Gli1-GFP. Gli1-GFP was Tyr
phosphorylated in the presence of HA-Hck as it reacted with the
4G10 antibody (Figure 4b).
In the Gli1 protein, there are 32 Tyr residues that are conserved

between mouse and human (Supplementary Figure S2). To
determine which residues can be phosphorylated by Hck, we
evaluated phosphorylation of the full-length Gli1 protein, the
N-terminal region, the zinc-finger domain and the C-terminal
fragment expressed in NIH3T3 cells. Using a western blot analysis,
we observed that the full-length Gli1 and the C-terminal fragment
were phosphorylated as indicated by multiple slow-migrating
bands (Figure 4c, indicated by asterisks). The tyrosine phosphor-
ylation in both the N- and C-terminal regions of Gli1 was also
detected with 4G10 antibody western blot following immuno-
precipitation with anti-HA antibodies (Figure 4d). These results
indicate that multiple Tyr residues in the N- and C-terminal
domains of Gli1 are likely phosphorylated by Hck. This is
consistent with previous findings that Gli proteins are relatively
unstructured and interact with other proteins through both N- and
C-terminal domains.27,42 Therefore, Hck likely regulates Shh
signaling output by interacting and phosphorylating Gli1.
To identify the potential Hck-targeted Tyr phosphorylation sites

in Gli1, HA-Gli1 co-expressed with Hck in NIH3T3 cells were
immunoprecipitated with anti-HA antibodies and separated on
SDS–PAGE (SDS polyacrylamide gel electrophoresis) gels. Gli1
proteins in gel slices were digested, extracted and subjected for
LC/MS/MS. Within 23 Gli1 peptides recovered (26.3% coverage),
we identified Y800 as a phosphorylated residue with high
confidence (Figure 4e). Y800 is a potential Hck target site
in Gli1. However, deleting Y800 did not diminish the Gli1 Tyr
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phosphorylation (Supplementary Figure S3). This observation
confirmed that Gli1 is Tyr phosphorylated at multiple sites
including Y800.

Hck disrupts Gli–Sufu interactions
Gli1 activities can be regulated at several different steps. Two
critical steps are the activation in cilia and the inhibition by Sufu.
Kif3a is required for the formation and function of primary cilia in
transducing the Shh signal.25,43 Interestingly, in Kif3a− /− MEF cells,
Gli1 transcriptional activation was still enhanced by exogenous
Hck (Figures 5a and b), indicating that Hck functions downstream

of Kif3a. On the contrary, in Sufu− /− MEF cells,44 Hck failed to
enhance Gli1 activities in inducing endogenous Gli1 expression
(Figure 5c). This result indicates that Hck functions at the same
level or downstream of Sufu.
Sufu interacts tightly with Gli activators and inhibits their

activities at several levels.22,24–26,42 We next examined whether
Hck affects the interaction between Gli1 and Sufu. In NIH3T3 cells
expressing tagged Gli1 and Sufu, in the absence of exogenous
Hck, ~ 30% of Gli1 co-immunoprecipitated with Sufu. However,
in the presence of Hck, only ~ 5% of the Gli1 co-precipitated
with Sufu (Figure 5d). In a gel with better resolution, it appeared
that only unphosphorylated Gli1 co-precipitated with Sufu

Figure 1. Hck is a direct Shh/Gli1 target gene. (a) NIH3T3 cells were treated with or without Shh-conditioned media. Levels of Hck and Gli1
mRNAs were determined by RT–qPCR. (b) Hck and Gli1 mRNA levels were determined by RT–qPCR in CGNP cells treated with or without
Shh-conditioned media. (c) NIH3T3 cells were infected with empty vector or lentiviruses for expression of Gli1 proteins. Levels of Hck and Shh
target gene Ptch1 were determined. (d) Levels of Hck were determined by RT–qPCR in NIH3T3 cells infected with lentiviruses expressing
different Gli proteins. (e) A schematic map of the 1.7 kb Hck regulatory region used for ChIP and reporter assays. The Gli binding site (indicated
by the arrow) and the transcription start site (TSS) are shown. Small bars indicate the location of ChIP PCR products. (f) NIH3T3 cells were
infected with empty vector control or HA-Gli1 expressing lentiviruses. ChIP-qPCR analyses were performed with anti-HA antibody. A region in
CD4 was used as a negative control. (g) The 1.7 kb wild-type full-length Hck enhancer region (−1575; E: EcoRI site. X: XhoI site) and mutants
including a truncated construct (−701), a construct with the putative Gli1 binding site deleted (−1575D) or mutated (−1575m) were cloned
upstream of a luciferase reporter gene. Plasmids expressing control (empty vector) or Gli1 proteins were co-transfected with reporters into
NIH3T3 cells. Relative luciferase activities are shown on the right. Presented are means plus s.d. Statistical analyses were performed using the
Student’s t-test; **Po0.01. qPCR, quantitative PCR.
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(Supplementary Figure S4). These results suggest that the
interaction between Gli1 and Hck or the phosphorylation of Gli1
by Hck disrupts Sufu–Gli1 interaction. To determine whether the
kinase activity of Hck is required, we performed the experiments
with the kinase-inactive Hck-K269E. Interestingly, co-expressing
Hck-KE also significantly reduced the co-immunoprecipitation
efficiency of Gli1 with Sufu (Figure 5e). Thus, kinase activity-
independent mechanisms could be largely responsible for Hck
function in disrupting Gli1–Sufu interaction, possibly through
Hck–Gli1 interactions. Similar to Gli1, Gli2 is also inhibited by Sufu.
In NIH3T3 cells, both Hck and Hck-KE mutant proteins significantly
reduced Gli2 co-immunoprecipitation with Sufu (Figure 5e). Thus,
Hck could also disrupt Gli2–Sufu interactions. These results
indicate that one mechanism that Hck uses to activate Gli1 and
possibly Gli2 is to release Gli proteins from Sufu inhibition.

Hck is highly expressed in Shh-type medulloblastoma and
required for tumor cell growth
During early postnatal cerebellum development (postnatal day 0
(P0) to P14 for mouse), Shh signaling induces rapid proliferation of
CGNPs, which then differentiate into granule neurons. Mutations
such as Ptch1 loss-of-function or Smo gain-of-function lead to

constitutively active Shh signaling, which results in CGNP over-
proliferation and medulloblastoma.13 A mouse model of medullo-
blastoma with an activating SmoM2 mutant transgene closely
resembles human Shh-type medulloblastomas.45 The high Gli1
levels that we observed in P4 cerebellum and in medulloblastoma
samples indicate active Shh signaling during cerebellum devel-
opment and in Shh-type medulloblastoma formation (Figure 6a).
High levels of Sufu were also found in developing cerebellum and
in medulloblastoma (Figure 6b), indicating inhibition of Shh/Gli1
activities despite activation of Shh signaling. Interestingly, both
mRNA and protein levels of Hck were significantly higher in
medulloblastoma compared with normal cerebellum and NIH3T3
cells (Figures 6c and d, Supplementary Figure S5), which may
contribute to the abnormally high Shh/Gli1 activities in Shh-type
medulloblastoma and the uncontrolled proliferation of these cells.
Indeed, we found that endogenous Gli1 is Tyr phosphorylated
in medulloblastoma as indicated by 4G10 antibody immuno-
precipitation (Figure 6e). Importantly, inhibition of Hck expression
mediated by RNAi in cultured SmoM2 medulloblastoma cells
significantly decreased the survival and growth of cancer cells as
indicated by cell viability assays (Figure 6f). Key Shh target genes
such as Gli1 and Ptch1 were significantly decreased upon Hck
inhibition (Figure 6g). Our data indicate that high level of Hck is
required for maximum Gli1 activities and oncogenic functions in
medulloblastoma. Disrupting Gli1–Hck feedback loop would be a
promising treatment strategy for Shh-type medulloblastoma.

DISCUSSION
In the past two decades, significant progress has been made
in understanding how Shh signaling contributes to normal

Figure 2. Acute knockdown of Hck leads to impaired Shh signaling-
induced gene expression. (a–c) NIH3T3 cells were infected with
lentiviruses expressing scrambled shRNA (shCtrl) or shRNA designed
to target Hck (shHck). The cells were treated with or without
Shh-conditioned medium. mRNA levels of Shh target genes (a) Gli1,
(b) Ptch1 and (c) Hck were determined by RT–qPCR. (d) NIH3T3 cells
infected with lentiviruses expressing scrambled shRNA or shHck
were co-infected with viruses for expression of Hck, Hck-K269E or
GFP control. Upper panel: Endogenous Gli1mRNA levels under basal
or Shh-stimulated conditions were measured by RT–qPCR. Only
wild-type Hck, but not the kinase-inactive Hck mutant (KE), rescued
defective Shh-induced Gli1 expression that resulted from expression
of shHck. Lower panel: western blot analyses of endogenous and
exogenous Hck in samples analyzed by RT–PCR. An arrow points to
the endogenous Hck band and a star indicates HA-Hck. Presented
are means plus s.d.; n= 3. Statistical analyses were performed using
the Student’s t-test; **Po0.01 and *Po0.05. qPCR, quantitative PCR.

Figure 3. Hck enhances Gli1-mediated target gene activation.
(a, b, c) NIH3T3 cells were infected with lentiviruses expressing
Gli1 alone, Hck alone or the two together. Levels of Shh target genes
(a) Gli1, (b) Hck and (c) Ptch1 were determined by RT–qPCR.
Endogenous Gli1 levels were measured using primers in the 5′-UTR
to distinguish this message from that of the exogenous Gli1.
Exogenous human Hck levels were measured using primers specific
to human genes. (d) Hck kinase activity is required for maximum
activation of Gli1. As in a, Gli1-induced expression of endogenous
Gli1 was measured in the presence of wild-type Hck or Hck-K269E
kinase-dead mutant (Hck-KE). Presented are means plus s.d.; n= 3.
Statistical analyses were performed using the Student’s t-test;
**Po0.01. qPCR, quantitative PCR.
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development and cancer progression. Recent genomic studies on
the basis of the transcription profiles have shown that ~ 25% of
medulloblastoma cases are characterized by active Shh signaling.
In this study, we demonstrate that a tyrosine kinase Hck forms a
positive feedback loop with the transcription activator Gli1 to

amplify Shh signaling outputs; this feedback loop contributes to
the tumorigenic function of Shh signaling (Figure 7). We found
that Hck is a direct Shh target gene that is sensitive to Gli1
activation. We provide evidence that Hck enhances Gli1 activities
and that this function of Hck is mediated by both phosphorylation

Figure 4. Hck phosphorylates multiple residues in Gli1 through direct binding. (a) Gli1 is Tyr phosphorylated in the presence of exogenous
Hck. NIH3T3 cells were transiently transfected with constructs expressing HA-tagged Gli1 alone, Hck alone or the two together. Cell lysates
were immunoprecipitated using 4G10 antibody, followed by western blot using antibody against HA tag. (b) Gli1 co-precipitates with Hck.
NIH3T3 cells were transfected with constructs for expression of GFP-Gli1, HA-Hck or the two together. Antibodies against GFP were used for
the immunoprecipitation and antibodies against Gli1, HA and phospho-Tyr (4G10) were used for western blot. HA-Hck was co-precipitated
with GFP-Gli1. Gli1 was Tyr phosphorylated in the presence of Hck as shown by the 4G10-positive band. GAPDH was used as a loading control.
(c) Western blot analyses of Hck phosphorylated human Gli1 fragments (FL, full-length; N-, N-terminal fragment (1-231 aa); ZF, zinc-finger
domain (232-410 aa); C-, C-terminal fragment (411-1106 aa)) separated on an SDS–PAGE gel. NIH3T3 cells were co-transfected with constructs
for expression of Gli1 fragments and HA-Hck. Asterisks indicate the phosphorylated bands; arrows point to the corresponding non-
phosphorylated protein bands. (d) Both the N- and C-terminal fragments of Gli1 were Tyr phosphorylated in the presence of Hck. NIH3T3 cells
were transfected with constructs for expression of HA-tagged Gli1 fragments and HA-Hck or the kinase-inactive Hck-K269E. Antibodies against
HA were used for the immunoprecipitation and antibodies against HA, and phospho-Tyr (4G10) were used for western blot. (e) HPLC-MS/MS
spectrum of phosphopeptide ALGGTY(p)SQCPR that contains Y800. The ion peak labeled with minus 79.97 (H3PO4 mass) serves to confirm the
Y800 phosphorylation.
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of Gli1 and kinase-independent activities. High level of Hck
disrupts the interaction between Gli1 and its inhibitor Sufu with
kinase activity-independent mechanisms. Importantly, Hck is
highly expressed in Shh-type medulloblastoma and required for
tumor cell growth. Thus, disrupting the Gli1–Hck feedback loop
may inhibit progression of Shh-type medulloblastoma.
In this study, we demonstrate that Gli1 is activated by novel

mechanisms through tyrosine phosphorylation and interaction
with a tyrosine kinase. We showed that tyrosine kinase Hck
activates Gli1 and the kinase activity is required for its maximum
effect. In medulloblastoma in which Gli1 is highly expressed and
activated, we observed Tyr phosphorylation of endogenous Gli1.
There are 32 conserved Tyr residues throughout the Gli protein.
Our truncation analyses indicated that multiple residues are likely
phosphorylated by Hck. We identified Y800 in human Gli1 as a
potential Hck target site. This is consistent with a report from the
PhosphoSitePlus database that the conserved Y798 in rat was
phosphorylated in ischemic esophagus. In Gli1, Y800 is located in
the proline-rich region that may be important in both the active
Gli1 conformation and its interactions with other regulators.
However, it is likely that additional functional Tyr residues are
phosphorylated by Hck. Notably, Y121 in the SYGH Sufu binding
motif is important for maintaining the hydrophobic interacting
surface between Gli1 and Sufu.46,47 Although we confirmed the
importance of Y121 in Gli1–Sufu interaction by mutagenesis
analyses (data not shown), we did not observe the phosphoryla-
tion of the Tyr by mass spectrometry. Thus, analyses of

combinations of Tyr mutations or more targeted mass spectro-
metry studies may reveal the entire Gli1 phosphorylation pattern
that activates Gli1 function. In addition, our data do not
definitively exclude the possibility that Hck phosphorylates other
Gli1 regulators and activates Gli1 indirectly.
In the study, we observed that Hck could activate Gli1 through

kinase-independent activities as both wild-type and kinase-
inactive Hck could activate Gli1-mediated target gene activation
and disrupt the interaction between Gli1 and its inhibitor Sufu. As
Hck interacts with Gli1, it is possible that high levels of Hck could
compete with Sufu for interaction. Similarly, Hck could also
interrupt Gli2–Sufu interactions, which may contribute to Hck
functions in amplifying Shh signaling outputs. Although Sufu is a
major Gli1 inhibitor, Hck may further activate Gli1 through
phosphorylation as the kinase activity is required for maximum
Gli1 activation by Hck. Hck may phosphorylate Gli1 to promote its
transcription activities or to affect its interaction with other
regulators or co-factors.
Although both Gli1 and Hck are important for Shh target gene

activation, they are not required for normal development.19,37,48,49

During normal development, Gli2 is sufficient for Shh-induced
gene activation.19 Gli1 is required for medulloblastoma formation
and is more potent than Gli2 at inducing cell transformation.50

Thus Gli1 activity is important for the abnormally high transcrip-
tion output of Shh signaling that are required for tumorigenesis.
We speculate that Hck is induced by high levels of Gli1 and that
the positive feedback loop with Gli1 operates only in the presence

Figure 5. Hck disrupts Gli–Sufu interactions. (a–c) Hck activates Gli1 downstream of Kif3a in a Sufu-dependent fashion. (a) NIH3T3 cells,
(b) immortalized Kif3a−/− MEFs and (c) Sufu−/− MEFs were co-infected with a control or with lentiviruses designed to express Gli1 and/or Hck.
Endogenous Gli1 levels measured using primers in the 5′-UTR were determined by RT–qPCR. Presented are means plus s.d.; n= 3. Significance
was determined by Student’s t-test; **Po0.01. (d) Hck disrupts Gli1–Sufu interactions. NIH3T3 cells were transfected with constructs
expressing HA-Gli1 and Flag-tagged Sufu in the presence or absence of exogenous HA-Hck. Cell lysates were precipitated with anti-Flag
antibodies and western blotted with antibodies against HA or Flag. The western blot bands were quantified with NIH Image J software and
the percentage of Gli1 precipitated with Flag-Sufu was compared with the input. (e) NIH3T3 cells were transfected with constructs expressing
HA-Gli1/2 and Flag-Sufu in the presence of exogenous HA-Hck or kinase-inactive Hck-K269E. Cell lysates were precipitated with anti-Flag or
anti-HA antibodies and western blotted with antibodies against HA, Flag or 4G10 antibodies. Quantifications of western blot are shown below.
qPCR, quantitative PCR.
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of highly active Shh signaling such as that observed in
medulloblastoma. Our data support this hypothesis: (1) Hck
transcriptional activation was much more sensitive to exogenous
Gli1 than to Gli2 or Shh stimulation (Figure 1, 500-fold by Gli1
versus 50-fold by Gli2 and 5-fold by Shh). (2) Hck was highly
expressed in Shh-type medulloblastoma where Gli1 was highly
expressed and tyrosine phosphorylated. Hck levels in normal
cerebellum and Shh-independent medulloblastoma were rela-
tively low (Figures 6c, Supplementary Figure S5). (3) High levels of
Hck interrupt Gli1–Sufu interactions and activate Gli1-mediated
target gene activation. (4) Inhibition of Hck expression significantly
inhibited Shh target gene expression and medulloblastoma
growth (Figures 6f and g). Taken together, our results indicate
that increased Hck expression in medulloblastoma induced by
abnormally active Shh signaling enhances Gli1 oncogenic
activities and contributes to tumor growth. As some of our
experiments only examined the Hck RNA levels, an investigation of
the Hck protein levels in medulloblastoma may further strengthen
our conclusions.
As Hck is a novel enhancer for Gli1 oncogenic activities in

medulloblastoma, Hck is a potential treatment target. A kinome
study in medulloblastoma indicated high levels of Src family
kinase (SFK) activities.51 SFK inhibitors effectively inhibit medullo-
blastoma cell growth;52 however, it is not clear whether these
medulloblastoma cells are of the Shh subtype and little is known
about how other SFKs regulate Shh signaling. Src has been shown
to inhibit primary cilia growth53 and is expressed at low levels in

Figure 6. Hck is highly expressed in SmoM2-induced medulloblastoma cells and required for its growth. (a–c) Expression levels of (a) Gli1,
(b) Sufu and (c) Hck in cerebellum (CB) during different developmental stages and in SmoM2-induced medulloblastoma (MB) are shown.
(d) The levels of Hck protein in NIH3T3 cells and in SmoM2 medulloblastoma were determined by western blot. (e) Endogenous Gli1 protein in
medulloblastoma is Tyr phosphorylated. SmoM2 medulloblastoma lysates were precipitated with 4G10 antibody against phospho-Tyr and
probed by western blot using antibodies against Gli1. (f) Cultured SmoM2 medulloblastoma cells were infected with lentiviruses expressing
control (scrambled shRNA) or shHck. The survival rates of Hck-deficient tumor cells relative to the control cultures were measured using an
ATP cell viability assay. (g) RT–PCR analyses of the expression levels of Gli1, Ptch1 and Hck in cultured SmoM2 medulloblastoma cells with Hck
RNAi knockdown. Presented are means plus s.d.; n= 3. Significance was determined by Student’s t-test; **Po0.01.

Figure 7. A model representing the positive feedback loop formed
by Hck and Gli1 in activating Shh target genes. Active Gli1 in
response to Shh signaling induces the expression of Shh target
genes including Hck, which encodes a tyrosine kinase that could
enhance Gli1 transcription activator functions. Hck disrupts the
interaction between Gli1 and its inhibitor Sufu, possibly through
Hck–Gli1 interactions. Hck could phosphorylate Gli1 and the Tyr
phosphorylation of Gli1 further enhances the Gli1 activities. Thus
the positive feedback loop formed by Hck and Gli1 amplifies Shh
signaling outputs.
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Shh-type medulloblastoma (Supplementary Figure S5A), and
thus may be an inhibitor of Shh signaling and Shh-type
medulloblastoma growth. Thus SFKs may have opposing functions
in Shh-induced tumors. As Hck may also enhance Gli1 activities
with kinase-independent activities, specific inhibitors disrupting
the Hck–Gli1 feedback loop would be more effective in inhibiting
Shh-type medulloblastoma cancer progression than general
kinase inhibitors.
In summary, our study identified the tyrosine kinase Hck as both

a target of Gli1 and a regulator of Gli1 activation. The positive
feedback loop formed by Gli1 and Hck amplifies Shh signaling
output and contributes to medulloblastoma cell growth. Inhibiting
Hck activities or disrupting the Hck–Gli1 feedback loop may be
effective approaches for the treatment of Shh-type medullo-
blastoma and possibly other cancers with elevated Shh/Gli1
activities.

MATERIALS AND METHODS
Mice
The SmoM245 and CAG-CreER54 transgenic mice were purchased from
Jackson Laboratory. SmoM2 CAG-CreER mice develop medullo-
blastoma spontaneously at a frequency of 40%.45 The mice were
maintained on a mixed genetic background at UT Southwestern Medical
Center Animal Facility.

Cell line, primary CGNP and medulloblastoma cell cultures
NIH3T3 cells (an immortalized MEF cell line), immortalized Kif3a−/− MEF
cells and Sufu−/− MEF cells were maintained in DMEM (Dulbecco’s Modified
Eagle’s medium) containing 10% fetal bovine serum. The Kif3a−/− cells
were provided by Dr PT Chuang.25 Sufu−/− MEFs were kindly provided by
Dr R Toftgard.44 Primary CGNP cultures were derived from dissociated P4
mouse cerebella and cultured in DMEM/F12 media containing 25mM KCl,
N2 and 10% fetal bovine serum, as previously described.27 For Shh
stimulation, Shh-conditioned medium produced from Shh-CM 293 T cells55

was added at a 1:20 dilution to MEF and CGNP cultures. NIH3T3 cells were
treated with Shh in low-serum media 24 h before harvesting. Primary
tumor cells were derived from dissociated SmoM2 medulloblastoma and
cultured in the media containing DMEM/F12, B27, N2, EGF and FGF2. The
ATP assay for cell viability analysis was carried out as described.39

Luciferase reporter assay
Transient transfection and luciferase assays were done in NIH3T3 cells
essentially as described.56 Co-transfection of the vector phRL-TK Renilla
(Promega, Fitchburg, WI, USA) allowed normalization of transfection
efficiencies. The normalized data were expressed as multiples of the
activity of the 1.7 kb Hck promoter reporter in pGL3basic.

Plasmid construction, virus preparation and transfection/infection
The shRNA sequence targeting mouse Hck (5′-TACCATTGTGGTCGCAC
TGTA-3′) was cloned into the PLKO lentiviral vector. The PLKO construct
with a scrambled shRNA sequence was used as a negative control.
Lentiviral vector pSin4-EF2-IRES-Puro was used to generate expression
constructs for 3 × HA- or GFP-tagged human Gli1/2/3 and Hck. Lentiviruses
were prepared according to a previously described procedure.27 PolyJet
(Signagen, Gaithersburg, MD, USA) was used for plasmid transfection of
cultured cells. Attached cultured cells were infected at a multiplicity of
infection of 5 for 24 h in media with 8 μg/ml polybrene.

Immunoblotting
For immunoblotting, cells or tissues were lysed in RIPA buffer (50mM Tris,
pH 8, 150mM NaCl, 0.05% SDS, 0.5% DOC, 1% NP-40), and cell lysates were
separated on SDS–PAGE gels. Antibodies used for western blot recognized
Hck (#06-833, Millipore, Billerica, MA, USA), HA (HA-7, Sigma-Aldrich,
St Louis, MO, USA), anti-phospho-tyrosine (4G10, Millipore), Gli1 (#2643,
Cell Signaling, Danvers, MA, USA), GFP (A11122, Life Technologies,
Carlsbad, CA, USA) and GAPDH (G9545, Sigma-Aldrich). HRP-conjugated
secondary antibodies were purchased from Jackson ImmunoResearch
(West Grove, PA, USA). GAPDH was detected as a loading control.

Mass spectrophotometry analyses of Gli1 Tyr phosphorylation
HA-Gli1 co-expressed with Hck in NIH3T3 cells were immunoprecipitated
with anti-HA antibody and separated on SDS–PAGE gels. Coomassie Blue-
stained Gli1 band was isolated and subjected for mass spectrophotometry
analyses. Proteins from the gel slice were digested, extracted and analyzed
by LC/MS/MS (UT Southwestern Medical Center Proteomic Core Facility,
Dallas, TX, USA). Peptide identification was performed using the X!Tandem57

and open MS search algorithm (OMSSA)58 search engines against the mouse
protein database from Uniprot, 23 Gli1 peptides were identified, which
covers 26.3% of the Gli1 protein. Phosphorylation sites were localized using
ModLS PTM Localization and confirmed by manual interpretation.

Co-immunoprecipitation experiments
Experiments were performed essentially as described previously.27 Anti-
bodies were against the HA tag (ab9110, Abcam, Cambridge, UK), Flag-tag
(F1802, Sigma), anti-phospho-tyrosine (4G10, Millipore) and GFP (A11122, Life
Technologies). Shh-responsive NIH3T3 cells were transiently transfected with
plasmids expressing HA- or GFP-tagged proteins using PolyJet (Signagen).
Mock transfection was used as the negative control. Cells were collected 24–
48 h after transfection and were lysed with co-IP Lysis Buffer (50mM Tris, pH
8.0, 150mM NaCl, 1mM EDTA, 1% Triton X-100, with protease inhibitor freshly
added). Cell lysates were snap-frozen in liquid nitrogen and then thawed on
ice followed by sonication to facilitate cell lysis. After centrifugation,
appropriate antibodies were added to pre-cleared cell lysate and incubated
at 4 °C overnight. Samples were incubated with protein A beads (GE
Healthcare, Dallas, TX, USA) for 1 h; beads were washed with co-IP buffer four
times. Precipitated proteins were eluted by boiling in 2× Sample Buffer
before SDS–PAGE and western blot analysis.

ChIP assay
ChIP experiments were performed as described previously.27 Dissociated
cells were crosslinked with PFA, and DNA was sonicated to fragments
(200–1000 bp). Antibody against HA (ab9110, Abcam) was used in the
precipitation step. Rabbit IgG was used as a negative control. Precipitated
DNA was purified and subjected to real-time PCR.

Real-time quantitative PCR
RNA from cells or tissues was extracted with TRIZOL (Invitrogen, Carlsbad, CA,
USA). Complementary DNAs were synthesized by reverse transcription using
Iscript (Bio-Rad, Hercules, CA, USA), followed by PCR or quantitative PCR
analysis. A Bio-Rad real-time PCR system (C1000 Thermal Cycler) was used for
quantitative PCR. Levels of GAPDH mRNA were used to normalize input RNA.
Graphics shown are representative of experiments performed in triplicate.
Sequences of PCR-primers used are listed in Supplementary Table S1.

Statistical analysis
Data are expressed as means plus s.d. The error bars are standard
deviations of three analyses of one representative experiment. Each
experiment was repeated at least three times. Statistical analyses were
performed using a two-tailed, unpaired Student’s t-test.
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Figure 1.  Deleting Brg1 in hippocampal neurons impairs synapse/dendritic spine formation and maturation.
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Figure 4. Brg1 Regulates synatic genes in developing neurons.
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Figure 6.  Brg1 is required for MEF2-mediated gene activation.
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Figure 7. MEF2 is required for the activity-dependent recuitment of Brg1 to taget genes.
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Figure 8.  Brg1 is required for MEF2C-induced dendritic spine elimination.
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S
onic hedgehog (Shh) signalling, mediated by Patched and
Smoothened, functions as a morphogen or a mitogen
during many developmental processes1–3. Mutations in the

Shh pathway components lead to developmental diseases and
cancers4,5. Shh signalling produces specific transcriptional
outcomes by differentially regulating the activities of Gli family
transcription factors1,2. Under basal conditions, Gli3, and to a
lesser extent Gli2, is processed to generate a truncated Gli
repressor (GliR) that represses basal expression of Shh target
genes. Shh signalling de-represses and activates target genes by
inhibiting Gli3 processing, inducing Gli3 degradation and
activating Gli2/Gli1 transcription activators (GliA). The
morphogen activity of Shh (for example, in neural tube
patterning) is largely dependent on its role as an antagonist of
GliR function. GliA-mediated transcription activation in response
to Shh is critical for neural tube progenitor specification in the
most ventral areas6,7. The mitogenic effects of Shh in many
normal and cancer cell types also require the GliA activities1,2.
For example, Shh/GliA signalling plays a predominant role in the
proliferation of early postnatal cerebellum granule neuron
precursors (CGNPs)8–11. Mutations that result in constitutively
active Shh signalling cause CGNP overproliferation and are the
leading genetic causes of the childhood brain tumour
medulloblastoma4,5. Recent studies suggest a link between
active Shh pathways and other cancers, and it appears that the
oncogenic functions of the Shh pathway require GliA-mediated
transcription activation1,4.

Despite extensive studies of Hedgehog signalling in multiple
organisms, one fundamental question remains to be answered:
how do Gli proteins de-repress and activate target gene
expression in response to Shh? Epigenetic factors play critical
roles in determining transcription outcomes by regulating
chromatin structures and accessibilities of DNA to trans-
cription machineries. Recently, we identified a Brg1-containing
chromatin remodelling complex that represses basal expression
and activates Shh signalling-induced target gene expression12.
Interestingly, our results suggest that Brg1 mainly functions
as a docking site for other chromatin regulators. Brg1 deletion
leads to changes in histone modifications in the regulatory
regions of Shh target genes. Thus, additional histone modifiers
may regulate Shh signalling, and it is likely that Shh signalling-
induced transcription factor exchange from GliR to GliA is
accompanied by changes of associated epigenetic cofactor
complexes to produce specific chromatin environments and
transcription outcomes.

Bivalent chromatin domains containing both a repressive
H3K27me3 and an active H3K4me3 mark are found in the
regulatory regions of many developmental genes in stem cells;
these bivalent domains keep gene expression repressed but poised
for induction13–16. During development, the resolution of the
bivalent domain accompanies the activation or silencing of the
poised genes. The PRC2 complex catalyses the addition of
H3K27me3 ref. 17, whereas the H3K27me3-specific demethylases
UTX/Kdm6a and Jmjd3/Kdm6b remove it18–22. UTX is also a
subunit of H3K4 methyltransferase MLL2/3 complexes20,23,
which may coordinately activate bivalent genes by removing
H3K27me3 and increasing levels of H3K4me3. The Jmjd3
catalytic domain shares homology with UTX; however, genetic
analyses indicate that they play distinct roles during
development24–27. Although Jmjd3 does not appear to be a
subunit of Set1/MLL complexes, it is able to interact with Set1/
MLL complexes21. The interaction is not strong, and it is not clear
whether this interaction plays a role in resolving bivalent domains
during bivalent gene activation. How bivalent domains are
regulated coordinately by epigenetic factors in response to specific
developing signals has not been well understood.

In this study, we identified a bivalent domain at the regulatory
regions of poised Shh target genes. Shh signalling induces an
epigenetic switch to resolve bivalent domains and activates
gene expression. PRC2 complexes repress Shh target genes by
maintaining the repressive H3K27me3 levels, whereas Shh-
induced recruitment of Jmjd3 activates target genes by displacing
PRC2, enzymatically removing H3K27me3 and recruiting Set1/
MLL complex. The central role of Jmjd3 in regulating Shh-
activated gene expression was demonstrated in vivo in Shh
activation-dependent development and medulloblastoma growth.
Our study reveals an important epigenetic mechanism underlying
the gene activation in response to Shh and identifies a potential
target to disrupt the mitogenic effect of Shh signalling during
tumour progression.

Results
Poised Shh-responsive genes are marked by a bivalent domain.
To understand the chromatin environment of poised Shh target
genes, we analysed the publicly available histone modification
data obtained from Shh-responsive mouse embryonic fibroblast
(MEF) cells (Geo data sets GSE21271 (ref. 28)). MEFs as well as
NIH3T3 mouse fibroblasts express both Gli repressors and
activators and are widely used in studies of Shh signalling29.
Several universal Gli target genes, such as Gli1, Ptch1 and Hhip,
are relatively restricted to the Shh pathway, and their expression
reflects Shh/Gli signalling activities. In this screen, we identified
an H3K27me3/H3K4me3 bivalent domain in the regulatory
regions of these Shh target genes (Fig. 1a). The H3K27me3 marks
are close to the previously identified Gli-binding regions30,31.
These regions are close to the promoters and may represent
proximal enhancers. In contrast, the Shh-independent Gli3 gene
was only marked with H3K4me3, whereas a silenced neural-
specific target gene Olig2 was only marked with H3K27me3
(Fig. 1a). We performed an RNA-seq analysis to compare
expression profiles in wild-type MEFs cultured with or without
Shh; expression of 25 genes was significantly induced by Shh
treatment (Po0.05). Eighteen of these contain the bivalent
chromatin domain (Supplementary Table 1). Other typical
repressive marks, such as H3K9me3 and the PRC1-mediated
ubiquitinated H2AK119 (refs 32,33), were not present. Thus, the
poised Shh target genes may be specifically marked by the
bivalent chromatin domain.

Using Gli1 as a representative Shh target gene, we examined
whether the marks in the bivalent domain changed with Shh
induction. Using chromatin immunoprecipitation (ChIP), we
found that H3K27me3 was present in the regulatory region of
Gli1 gene, and levels were significantly reduced on Shh treatment
(Fig. 1b). H3K4me3 levels in the Gli1 promoter were significantly
increased in Shh-treated MEFs (Fig. 1b). Similar changes were
observed when Gli1 and other Shh target genes were de-repressed
in Gli3� /� MEFs or further activated in Shh-treated Gli3� /�

MEFs (Supplementary Figs 1 and 2). Thus, Gli-mediated Shh
target gene de-repression and activation are accompanied with
the removal of H3K27me3 and increase in levels of H3K4me3.

PRC2 and Jmjd3 are important for Shh target gene expression.
To determine whether H3K27me3 reduction is a causal factor
in the Shh-mediated gene activation, we manipulated the
enzymes that add or erase H3K27me3 marks. The PRC2 complex,
which methylates H3K27, contains three essential subunits,
EZH2, SUZ12 and EED13. RNAi inhibition of SUZ12 expression
led to decreased local H3K27me3 levels and increased Gli1 basal
expression (Fig. 1c). In EZH2� /� MEFs34,35, global H3K27me3
levels were decreased and basal expression of Shh target genes
such as Gli1 and Ptch1 was increased compared with those in
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wild-type cells (Fig. 1d). Neither Gli2 nor Gli3 expression was
affected and Olig2 was not de-repressed by EZH2 deletion
(Fig. 1d). Only the wild type but not an enzymatically inactive
mutant EZH2 (F667I)35 rescued the Gli1 expression defect
(Fig. 1e). These experiments suggest that the PRC2 complex

represses basal Shh target gene expression by maintaining the
H3K27me3 mark. This mechanism also provides a possible
explanation for the recent findings that EZH2 deletion leads to a
de-repression of Shh target genes in developing limbs and dorsal
hindbrains36,37.
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In MEFs lacking Jmjd3 ref. 25, an H3K27me3 demethylase, we
observed defects in Shh-induced gene activation. The activation
of several bivalent Shh-responsive genes identified in RNA-seq
experiments (Supplementary Table 1) was significantly impaired
in Jmjd3� /� MEFs (Fig. 1f). Jmjd3 deletion resulted in higher
local H3K27me3 levels in the Gli1 gene in the presence of Shh
(Fig. 1g) but not in higher global H3K27me3 levels
(Supplementary Fig. 3), suggesting that Jmjd3 plays a specific
role in Shh target gene activation. RNAi inhibition of Jmjd3
expression in MEFs phenocopied the Jmjd3� /� defects in Shh-
induced Gli1 expression and local H3K27me3 reduction
(Supplementary Fig. 4). Notably, lack of another H3K27me3
demethylase, UTX27, did not produce significant effects on Shh-
induced target gene expression in MEFs (Supplementary Fig. 5).
These results indicate that H3K27me3 and PRC2 are required for
the repression of Shh target gene basal expression and that
erasure of the mark by Jmjd3 in response to Shh is required for
gene activation.

Shh induces a local epigenetic switch from PRC2 to Jmjd3. We
next monitored the dynamic binding of PRC2 and Jmjd3 in
response to Shh signalling. In the Gli1 gene, a cluster of Gli-
binding sites30,31 overlaps the H3K27me3-enriched region
(Supplementary Fig. 6A). Using ChIP, we demonstrated that
endogenous SUZ12 and, by inference, PRC2, binds to Gli1;
binding decreased on Shh treatment (Fig. 2a). Conversely, ChIP
with a Jmjd3 antibody indicated increased binding of Jmjd3 to the
Gli1 regulatory region on Shh induction (Fig. 2b). A ChIP
experiment performed in NIH3T3 cells expressing FLAG-tagged

Jmjd3 or HA-tagged EZH2 confirmed the binding dynamics: Shh
treatment reduced EZH2 binding and increased Jmjd3 binding to
Gli1 (Supplementary Fig. S6). In MEFs, levels of EZH2, SUZ12
and Jmjd3 were similar with or without Shh treatment (Fig. 2c,d).
Thus, the Shh-induced switch from PRC2 to Jmjd3 in these
regulatory regions was not due to changes in the global levels of
these factors but was likely caused by an active recruitment of
Jmjd3 to replace PRC2 on Shh stimulation. Indeed, in the absence
of Jmjd3, a significant amount of SUZ12 remained bound to Gli1
in Shh-treated cells (Fig. 2a), suggesting that Jmjd3 is required for
removal of PRC2 from Shh target genes.

Shh-induced Gli1/2 activation and binding to target genes may
mediate Jmjd3 recruitment. Gli2 and Shh-induced Gli1 both can
co-immunoprecipitate with Jmjd3 (Fig. 2e,f, Supplementary
Fig. 7). The exogenous tagged Jmjd3 proteins are expressed in
NIH3T3 cells at relatively low levels, as it is difficult to detect the
full-length Jmjd3 proteins with standard western blot. Impor-
tantly, RNAi inhibition of Gli1/2 in Shh-treated MEF cultures
(Fig. 2g) reduced Jmjd3 binding to the Gli1 regulatory region
(Fig. 2h) and increased local H3K27me3 levels (Fig. 2i),
suggesting that Gli1/2 are required for Jmjd3 binding to Shh
target genes. In contrast, Gli1/2 binding to Shh target genes
was not affected by Jmjd3 deletion (Supplementary Fig. 8). Thus,
Gli1/2 activators are required for the recruitment of Jmjd3 and
possibly other coactivators to displace PRC2 and activate target
gene expression. To further confirm that Jmjd3 directly regulates
Gli-mediated transcription, we expressed HA-Gli1 in MEFs and
observed that the activation of endogenous Gli target genes by
HA-Gli1 was significantly impaired in Jmjd3� /� MEFs com-
pared with that in wild-type cells (Fig. 2j).
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Shh-induced switch is essential for target gene expression. To
determine whether the Shh-induced, Gli-mediated PRC2 to
Jmjd3 switch is required for proper target gene expression, we
manipulated local PRC2 and Jmjd3 levels to perturb the epige-
netic switch, either by increasing local PRC2 levels after Shh
treatment or introducing Jmjd3 onto the Gli1 gene before Shh
stimulation. All three Gli proteins contain five conserved zinc-
fingers that are sufficient to bind specifically to the Gli consensus
sequence38. We fused the Gli3 DNA binding domain (GliDBD) to
HA-tagged EZH2 and expressed this fusion in either NIH3T3
cells or MEF cells (Fig. 3a, Supplementary Fig. 9A). GliDBD-
EZH2 interacted with endogenous SUZ12 as the two proteins
were co-immunoprecipitated (Fig. 3b), suggesting that these
proteins form a functional PRC2 complex. In the presence of Shh,
GliDBD-EZH2 can bind Gli1 and increase local H3K27me3 levels
as shown by ChIP (Fig. 3c,d, Supplementary Fig. 9B,C). Both
GliDBD-EZH2 and exogenous EZH2 reduced Shh-activated Gli1
expression (Fig. 3e, Supplementary Fig. 9D). GliDBD-EZH2
repressed Gli1 more effectively and specifically than EZH2; EZH2
also repressed another Shh-independent target gene HoxA10
(Fig. 3e, Supplementary Fig. 9D). Thus, increasing the local PRC2
concentration in Shh-stimulated conditions effectively repressed
Gli1 expression, indicating that PRC2 must be removed to
activate gene expression. Using similar approaches, we found that

GliDBD-Jmjd3 expressed in NIH3T3 cells (Fig. 3f) bound to the
Shh target gene regulatory regions under basal conditions
(Fig. 3g) and decreased local H3K27me3 (Fig. 3h). GliDBD-
Jmjd3 activated Shh target genes even in the absence of Shh
stimulation (Fig. 3i). Thus, recruitment of Jmjd3 is sufficient to
increase Gli target gene expression before Shh stimulation. These
data indicate that the presence of PRC2 represses the expression
of Shh target genes, whereas the removal of PRC2 and the
recruitment of Jmjd3 on Shh stimulation activate gene expression.
Thus, the Shh-induced epigenetic switch from PRC2 to Jmjd3 is
essential for target gene activation.

Coordinated target gene activation by Jmjd3 and Set1/MLL.
Our results indicate that Jmjd3 is required for the removal of
H3K27me3 and activation of Shh target genes. It is not clear
whether its demethylase activity is essential and/or sufficient for
this function. The C-terminal fragment of Jmjd3, encompassing
the JmjC domain, is sufficient to catalyse H3K27me3 demethy-
lation and rescues several Jmjd3-deficient phenotypes21,25. The
expression of the C-terminal fragment (aa 1,141–1,641) fused
with GliDBD (GliDBD-JmjC) was sufficient to reduce local
H3K27me3 levels at Gli1 locus (Fig. 3g,h), but it did not activate
Shh target gene basal expression (Fig. 3i). Thus, the Jmjd3
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enzymatic activity alone is not sufficient to activate Shh target
genes. We performed rescue experiments in NIH3T3 cells co-
expressing an shRNA targeting Jmjd3 and exogenous RNAi-
resistant genes encoding Jmjd3, the JmjC domain, or the Jmjd3-
H1388A enzymatically inactive proteins21. The cultures were co-
transfected with plasmids expressing GFP-Gli1 to activate the
endogenous Shh target genes (Fig. 4a,b). Although each of these
Jmjd3 proteins bound to the Gli1 regulatory region (Fig. 4c), only
wild-type full-length Jmjd3 rescued the defective Gli1-induced
gene expression in Jmjd3-knockdown cells (Fig. 4a), indicating
that the demethylase activity is necessary but not sufficient for
activation of Gli target genes. The non-enzymatic activity of
Jmjd3 may serve to recruit other epigenetic regulators.

Activation of bivalent genes is accompanied by coordinated
changes in levels of both H3K27me3 and H3K4me3. Thus, it is
likely that Jmjd3 and the Set1/MLL family of H3K4me3
methyltransferase complexes function cooperatively to regulate
Shh-induced gene activation. Ash2L, RbBP5, DPY30 and WDR5
are essential subunits for all Set1/MLL family complexes39. RNAi
inhibition of expression of individual subunits significantly
impaired Gli1 expression in Shh-treated NIH3T3 cells (Fig. 4d).
To determine whether Shh signalling regulates Set1/MLL
complex binding to Shh target genes, we performed ChIP with
WDR5 antibodies. Consistent with the Shh-induced increase of
local H3K4me3, the binding of endogenous WDR5 to Gli1 and
Ptch1 regulatory regions was significantly increased on Shh
treatment (Fig. 4e). Importantly, in cells deficient in Jmjd3, Shh-
induced WDR5 binding to target genes and local H3K4me3
increases were significantly impaired (Fig. 4e). Consistent with
this result, local levels of H3K4me3 in the Gli1 gene in the
presence of Shh were significantly lower in Jmjd3� /� MEFs than
in wild-type cells (Supplementary Fig. 10). Thus, Jmjd3 is
required for Set1/MLL complexes recruitment to target genes in
response to Shh stimulation.

It is not clear whether the interaction between Jmjd3 and Set1/
MLL complexes21 plays a role in resolving bivalent domains;
however, our co-immunoprecipitation analyses showed that
interactions between Jmjd3 and Set1/MLL subunits, WDR5 and
ASH2L, were significantly enhanced by Shh stimulation (Fig. 4f,
Supplementary Fig. 11). The Shh-induced JmjD3–MLL
interaction is potentially phosphorylation-dependent, as treating
the lysate with l-phosphatase reduced the interaction to the basal
level (Supplementary Fig. 11). This result suggests that Shh
signalling directly modulates epigenetic complexes required for
target gene activation. Thus, in addition to the PRC2 to Jmjd3
switch, Shh signalling also induces the formation of an epigenetic
coactivator complex containing at least Jmjd3 and Set1/MLL,
which regulates target gene activation coordinately by modulating
the bivalent domains.

Jmjd3� /� mice display Shh-dependent developmental defects.
As Jmjd3 is a key factor in Shh-induced epigenetic switch and
gene activation, we examined its function in Shh-activation-
dependent developmental processes. As shown by analysis of
Gli2� /� mice, Gli2-mediated Shh activation is required for
multiple developmental processes such as hair follicle develop-
ment, ventral neural tube patterning and cerebellum progenitor
proliferation8,40–42. Like Gli2� /� mice, Jmjd3� /� mice die at
birth due to respiratory failure24,25,43. Interestingly, Jmjd3� /�

mice display multiple defects similar to Gli2� /� mice in Shh/
Gli2-dependent developmental processes.

As a morphogen, Shh is important for neural tube patterning
and neural progenitor specification. During neural tube develop-
ment, Shh mainly functions to antagonize GliR activity, whereas
GliA is only required for the formation of the floor plate and

specification of the most ventral neural progenitors6,7. Gli2� /�

neural tubes display reduced expression of markers for floor plate
and V3 interneuron progenitors40,41. Jmjd3 is expressed in
the ventral neural tube but not in the floor plate44. In E10.5
Jmjd3� /� neural tubes, V3 interneuron progenitor marker
Nkx2.2 levels were significantly reduced (Supplementary
Fig. 12A,A0,C,C0,F) and Olig2-expressing motor neuron
progenitor regions were expanded (Supplementary
Fig. 12B,B0,C,C0,F). These defects are similar to those observed
in Gli2� /� embryos40. We also observed a reduction of FoxA2
expression in Jmjd3� /� neural tubes but not in the floor plate
(Supplementary Fig. 12D,D0), possibly due to the absence of
Jmjd3 in the floor plate or the usage of alternative activation
mechanisms. The enriched expression of Ptch1 in the most
ventral neural tubes was also reduced in Jmjd3� /� embryos
(Supplementary Fig. 12E,E0). Thus, these results are consistent
with a function of Jmjd3 in GliA-dependent target gene
expression and ventral neural tube development.

Shh-dependent Gli2 activation is essential for embryonic hair
follicle development. Gli2� /� embryos exhibit an arrest in
hair follicle development with reduced cell proliferation42. When
hair follicles in the sections of E18.5 Jmjd3� /� skin were
analysed, we observed similarly delayed development of hair
follicles. Although both control (wild type and Jmjd3þ /� )
and Jmjd3� /� skins contain hair follicles from all stages45 (stage
1 to 5, Supplementary Fig. 13A–D), Jmjd3� /� hair follicles were
arrested at earlier developmental stages with a peak at stage 2
(Supplementary Fig. 13E). Control hair follicles grew deeper and
had more mature morphologies with a peak at stage 3
(Supplementary Fig. 13E). This defect in Shh/GliA-dependent
hair follicle development further corroborates the importance of
Jmjd3 in Shh signalling activation.

Jmjd3 is required for Shh-dependent CGNP proliferation.
During cerebellum development from late embryonic to the early
postnatal stage (E18.5–P14), CGNPs in the external granule layer
(EGL) undergo significant expansion and differentiation into
granule neurons, the most abundant neuron type in the nervous
system. Multiple signalling pathways and transcription factors
coordinate to regulate this process, and Shh-mediated Gli acti-
vation is necessary for CGNP proliferation9–11. Interestingly,
during the period from E16.5 to P5, there is a global decrease of
H3K27me3 and increase of H3K4me3 and H3K27Ac in the
cerebellum (Fig. 5a). The decrease of global H3K27me3 levels was
apparent in EGL CGNPs (Fig. 5b) and correlated with the
expression of a large amount of genes required for rapid
expansion and differentiation of CGNPs at P5. Specifically, at
Shh target genes, the activation of Gli1 expression at P5 was
accompanied by a decrease of H3K27me3 and an increase of
H3K4me3 (Fig. 5c), which is similar to the signalling-induced
resolution of the bivalent domain in MEFs. These data suggest
that the Shh-induced epigenetic switch also occurs in the
developing cerebellum to modulate the bivalent domain and
activate target genes, which contributes to the global change of
H3K27me3 levels.

Despite the low global level of H3K27me3, EZH2 protein levels
remained high in P5 CGNPs (Fig. 5b), suggesting that a high level
of H3K27me3 demethylase activity is present. We observed that
Jmjd3 expression was increased during cerebellar development
from E16.5 to P4 (Fig. 5d). In P5 cerebellum, Jmjd3 was enriched
in EGL (Fig. 5e). Interestingly, at E18.5, Jmjd3� /� mice
displayed decreased cerebellum size and lack of foliation
(Fig. 5f), which are similar to the defects observed in the
Gli2� /� cerebellum8 and are likely caused by impaired CGNP
proliferation. To directly determine the function of Jmjd3 in
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CGNP proliferation, we inactivated Jmjd3 using RNAi in Shh-
treated P4 CGNP cultures. Reduction of Jmjd3 levels in CGNPs
significantly impaired the expression of Shh-induced genes such
as Gli1 and mitogenic Ccnd1 but not other genes such as Brg1 and
the CGNP marker Math1 (Fig. 5g). The proliferation of CGNPs
in which Jmjd3 expression was inhibited was significantly
impaired as shown by the lower BrdU incorporation rates
compared with control cultures (Fig. 5h). Although neither Shh
treatment nor Jmjd3 inhibition in CGNPs led to global changes
of histone modifications, we observed altered H3K27me3
as well as H3K4me3 and H3K27Ac levels at Gli1 regulatory

regions in Shh-treated Jmjd3-deficient cultures compared with
the controls (Fig. 5i–k). A Cre-induced Jmjd3 conditional
deletion46 in CGNP cultures displayed similar defects in Shh
target gene expression and altered histone modifications
(Supplementary Fig. 14). Thus, Jmjd3 regulates Shh-activated
gene expression and CGNP proliferation by modulating the
chromatin environment.

Inhibition of Jmjd3 impairs medulloblastoma cell growth.
Mutations leading to constitutively active Shh signalling cause
Shh-subtype medulloblastoma, the progression of which also
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requires the active signalling pathway4,47. Thus, as a key
epigenetic coactivator of Shh target genes, Jmjd3 might be
targeted to inhibit medulloblastoma growth. We used a mouse
model with a Cre-inducible SmoM2 gene (a point mutation in
Smo) to generate Shh-subtype medulloblastoma48 (Fig. 6a).

SmoM2-induced medulloblastoma cells contain much lower
H3K27me3 levels than normal cerebellar tissues (Fig. 6b,c).
As a significant amount of EZH2 was expressed in SmoM2-
induced medulloblastoma (Fig. 6b–d), the low H3K27me3 levels
suggest that H3K27me3 demethylase is active in these tumour
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cells. Notably, although Jmjd3 is mutated in some cancers and
even in non-Shh-type medulloblastoma47,49, it has not been
found mutated in Shh-type medulloblastoma in several genome-
wide exome-sequencing projects47,50–53, indicating a potential
requirement of Jmjd3 for these tumours.

To determine the function of Jmjd3 in medulloblastoma, we
first confirmed that in SmoM2 medulloblastoma the Gli1
regulatory regions contain lower H3K27me3 levels and higher
H3K4me3 and H3K27Ac levels than normal cerebellum (Fig. 6e).
Reducing Jmjd3 expression using virally expressed shRNA
significantly impaired the expression of Shh target genes such as
Gli1, Ptch1, Ccnd1 and N-myc in cultured SmoM2 tumour cells
(Fig. 6f). This defect was not due to the differentiation of tumour
cells because the tumour progenitor marker Math1 was not
significantly reduced (Fig. 6f). Local H3K27me3 levels on the Gli1
gene were significantly increased on inhibition of Jmjd3 expression
(Fig. 6g). The impaired Shh target gene expression in Jmjd3-
deficient tumour cells led to a growth inhibition similar to that
observed in Gli1/2-deficient tumour cultures as indicated by a cell
survival assay (Fig. 6h). Therefore, as Jmjd3 is required for Shh-
subtype medulloblastoma growth, Shh-induced epigenetic switch-
ing events may be targeted to inhibit medulloblastoma growth.

Discussion
In this report, we have identified a bivalent chromatin domain
tightly associated with the poised states of Shh target genes. We
have shown that Shh signalling induces a local epigenetic switch
as well as the formation of a Jmjd3-centred epigenetic coactivator
complex, which functions coordinately with GliA to resolve the
bivalent domain and to activate transcription. We have
also demonstrated the essential role of Jmjd3 in regulating
Shh-dependent developmental processes and tumour prolifera-
tion. The epigenetic mechanisms elucidated here significantly
advance our understanding of Shh signalling and provide insights
into the mechanisms of Shh-related cancers and diseases.

Activation of Shh signalling induces a local epigenetic switch
from PRC2 to Jmjd3 at Shh target genes to facilitate the
resolution of bivalent chromatin domains. The removal of
H3K27me3 in response to Shh likely resulted from both the
recruitment of Jmjd3 and the release of PRC2. We propose that,
on Shh signalling stimulation, the activation and binding of Gli1/
2 mediate the recruitment of Jmjd3 and subsequently the
coactivator complex, which displaces PRC2 at the regulatory
regions, resolves bivalent domains and activates target genes
(Supplementary Fig. 16). In the absence of Jmjd3, GliA binding
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was not affected, but PRC2 release was impaired and Set1/MLL
was not recruited. Although Jmjd3 also functions in other
pathways, in tissues that are predominantly dependent on GliA
function, such as embryonic hair follicle, ventral neural tube,
cerebellum, and Shh-type medulloblastoma, inhibition of Jmjd3
expression and Gli2 deletion led to similar phenotypes. Thus,
Jmjd3 plays an essential role in Shh-induced gene activation by
coordinating the changes of chromatin environments. Shh
signalling also significantly enhances the interactions between
Jmjd3 and Set1/MLL complexes. Although the biochemical bases
for this Shh-induced interaction remain unclear, the possibility
that Shh signalling directly modifies epigenetic cofactors and
regulate their activities is intriguing.

Although the experiments were performed in populations of
cells and we could not exclude the possibility that a fraction of the
histone marks may exist in separate cells, our data strongly
support the coexistence of H3K27me3 and H3K4me3 at the same
loci and cooperative regulation of both marks by Shh signalling.
The Shh-induced interaction between Jmjd3 and MLL suggests
that they function together to regulate both histone marks.
Importantly, loss of Jmjd3 not only affected the H3K27me3 levels
at Gli target genes, but also impaired Shh-induced recruitment of
Set1/MLL complexes and increase of H3K4me3 levels (Fig. 4f). In
CGNPs, loss of Jmjd3 also affected the levels of both histone
marks at Shh target genes (Fig. 5k). These results could unlikely
be explained if the two histone marks are in separate cells and
regulated independently.

We propose that Shh-induced transcription factor exchange
from GliR to GliA triggers the switch of the associated epigenetic
complexes. Previous work and this report demonstrate that a
complex epigenetic environment controls Shh target gene
expression. It has been shown that Shh signalling also functions
as switches for several epigenetic regulators that may coordinate
with PRC2/Jmjd3 to regulate transcription outcomes. We have
previously reported that Shh activation enables Brg1-containing
BAF chromatin remodelling complexes to switch from a repressor
to an activator state, a switch likely mediated by interacting with
different Gli transcription factors and other epigenetic regula-
tors12. Brg1 may either antagonize or facilitate PRC2 function in a
context-dependent manner in embryonic stem cell gene
expression54. Brg1 has also been shown to interact with Jmjd3
to induce specific target gene expression55. Thus, the Brg1
complex may coordinate with these histone modifiers to regulate
Shh signalling. Indeed, deletion of Brg1 resulted in altered histone
modifications (ref. 12 and our unpublished data).

In addition, histone deacetylases (HDACs) and histone acetyl
transferases (HATs) have been directly or indirectly linked to Shh
signalling transcription regulation12,56–58. Interestingly, Shh
signalling activities also alter HDAC function. In basal
conditions, HDACs are likely involved in repressing the
expression of Shh target genes by deacetylating histones12.
However, on signal activation, HDAC1/2 function as activators
of Shh target genes possibly by deacetylating and activating
Gli1/2 (refs 12,56). HDACs have been shown to tightly interact
with Brg1 as well as PRC2 complexes12,59. Deletion of the gene
encoding PRC2 subunit EZH2 led to global increase of
H3K27Ac35,60 (Supplementary Fig. 15). On Shh stimulation, the
resolution of the bivalent domain is also accompanied with an
increase of H3K27Ac at the regulatory regions (Supplementary
Fig. 2,). It is not clear whether the increased H3K27Ac is a
byproduct of H3K27me3 loss or due to active recruitment of the
H3K27 acetyltransferase p300/CBP60,61. In addition, Jmjd3 has
been shown to interact with proteins involved in transcription
elongation62, which may also function to regulate Shh signalling.

During development, Shh can function as a mitogen or a
morphogen. For the mitogenic function, Shh-induced GliA-

mediated transcription activation is required. In this study, we
demonstrated that during cerebellum development, when active
Shh signalling plays an essential role in CGNP proliferation, Shh
activation is accompanied by a decrease of H3K27me3 and an
increase of H3K4me3 levels. Shh-subtype medulloblastomas are
characterized by low levels of H3K27me3. We have shown that a
key epigenetic factor Jmjd3 is required for the histone modifica-
tion changes and Shh target gene activation in CGNPs and
medulloblastoma cells. Deletion of Jmjd3 affects cerebellum
growth and CGNP proliferation. Inhibiting enzymatic and/or
non-enzymatic activities of Jmjd3 may effectively inhibit
medulloblastoma growth.

In addition to the mitogenic function, Shh also functions as a
morphogen to induce dosage-dependent expression of target
genes2. The diverse outputs of Shh signalling are thought to be
determined by the combination of activities of GliA and
GliR6,7,63. Thus, the mechanisms that underlie basal versus
signalling-induced conditions identified here might also function
in more complicated Shh-responsive systems. The morphogenic
activities of Shh signalling are largely mediated by antagonizing
GliR function64,65. We identified PRC2 as a corepressor of Shh
target genes. However, we believe that PRC2 is only part of a
complex corepressor network associated with GliR. GliA activities
are required in the areas receiving highest Shh signalling. We also
showed modest but significant defects in Jmjd3� /� neural tubes
in the most ventral area. Recent studies have revealed that the
dosage-dependent transcription response to Shh results from
different affinities for Gli-binding sites, other tissue-specific
transcription factors, and functional interactions between
different target genes6,7,63. It is likely that chromatin
environment and epigenetic regulators also play important roles
in determining the transcription outcomes of target genes in
response to Shh. Additional genetic tools as well as more sensitive
ChIP techniques will be needed to directly analyse the epigenetic
regulation of the complex Shh-responsive systems.

In summary, our study revealed a novel epigenetic mechanism
that regulates Shh-induced gene activation. We identified Jmjd3
as a key regulator of Shh-activated gene expression and Shh-
dependent developmental processes and tumour growth. In the
future, the characterization of the components and analysis of the
dynamics of epigenetic complexes downstream of Shh signalling
will reveal the mechanisms underlying the diverse transcription
activities of the signalling during development and in diseases.

Methods
Mice. Jmjd3� /� MEFs were produced from E15.5 Jmjd3� /� embryos25. This
allele deletes exons 14–21, which encode a region that includes the JmjC
demethylase domain. RT–PCR primers Jmjd3_koF1 and Jmjd3_koR1
(Supplementary Information) were used to detect the deletion of the Jmjd3 mRNA.
E10.5 and E18.5 Jmjd3� /� embryos were produced from mice containing a Jmjd3/
Kdm6btm1(KOMP)Wtsi allele (Shpargel and Magnuson, unpublished data). This allele
with exons 11–20 replaced by a Neo cassette was targeted by Knockout Mouse
Project (KOMP) in JM8 embryonic stem cells of C57BL/6N origin. Embryonic
stem cells were injected into C57BL/6J-Tyrc-2J/J blastocysts. Following germline
transmission, mice were maintained on the C57BL/6J background. Homozygotes
were generated by heterozygous intercrosses. Both Jmjd3 alleles delete a large
portion of the protein, and these mice die at birth due to respiratory defects, which
is similar to the phenotype of another Jmjd3 knockout allele24. Both alleles also
result in similar skin and cerebellum defects at E18.5 and are likely null alleles.
Jmjd3 conditional knockout allele was generated as previously described with exons
15 to 21 flanked by two LoxP sites46. SmoM2 mice48 and CAG-CreER66 mice were
purchased from Jackson Laboratory. The SmoM2 CAG-CreER mice have a high
rate of spontaneous medulloblastoma development before 2 months of age
(B40%). These mice were maintained on a mixed genetic background at UT
Southwestern Medical Center Animal Facility.

Primary MEF, CGNP and medulloblastoma cell cultures. Primary MEFs were
cultured from E13.5 to E15.5 embryos as described previously12. In brief, embryo
trunks were dissected, trypsinized, dissociated to single cells and cultured in DMEM
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media with 10% fetal bovine serum. Primary CGNP cultures were derived from
dissociated P4 mouse cerebella and cultured in DMEM/F12 media containing 25 mM
KCl, N2 and 10% FBS. For Shh stimulation, Shh-conditioned medium produced from
Shh-CM 293T cells67 was added at a 1:20 dilution to MEF and CGNP cultures. MEF
cells were treated with Shh in low-serum media 24 h before harvesting. CGNP cells
were treated with Shh in high-serum media for 2–3 days. BrdU was added 2 h before
analyses. Tumour cells were derived from dissociated SmoM2 medulloblastoma and
cultured in the media containing DMEM/F12, B27, N2, EGF and FGF2.

Plasmid construction, virus preparation and transfection/infection. The
shRNA sequences targeting Jmjd3 (50-AGCACTCGATGCCTCATTCATA)-30

(ref. 21), Ash2L (50-CGAGTCTTGTTAGCCCTACAT-30), DPY30 (50-GCGTTGA
GAGAATAGTCGAAA-30), RbBP5 (50-GCTCTATTGTATTTACCCATT-30),
WDR5 (50-GCCGTTCATTTCAACCGTGAT-30), Gli1 (50-GCTCAGCTGGTGTG
TAATTAC-30) and Gli2 (50-CCAACCAGAACAAGCAGAACA-30) were cloned
into the PLKO lentiviral vector. The PLKO construct with a scrambled shRNA
sequence was used as a negative control. Lentiviral vector pSin4-EF2-IRES-Puro
was used to generate expression constructs for tagged Gli, Jmjd3, Ash2L, WDR5
and EZH2. GliDBD fusion proteins were generated by fusing the Gli3 Zinc-finger
domains (aa 477–636) with EZH2, Jmjd3 full-length protein or the C-terminal
fragment including JmjC domain (aa 1,141–1,641). Lentiviruses were prepared
according to a previously described procedure12. PolyJet (Signagen) was used for
plasmid transfection of cultured cells. Attached cultured cells were infected at a
multiplicity of infection (MOI) of 5 for 24 h in media with 8 mg ml� 1 polybrene.

RNA-seq. Cultured primary MEFs (second passage) were treated with or without
Shh-conditioned media for 24 h before harvesting. Total RNAs were extracted,
and RNA-seq libraries were prepared using Illumina RNA-Seq Preparation
Kit and sequenced by an HiSeq 2000 sequencer. RNA-seq reads were mapped using
TopHat with default settings (http://tophat.cbcb.umd.edu). The mapped reads
with the Phred quality score o20 were filtered out, whereas the duplicates
were marked but not removed using SAMTOOLS68 and PICARD (http://picard.
sourceforge.net). Transcript assembly and transcript abundance quantification
were carried out using CUFFLINKS, and then differential expression analysis
between Shh-treated and untreated MEFs was performed using CUFFDIFF69

The differentially expressed genes with Po0.05 were selected for histone
modification analyses (Supplementary Table 1).

Immunoblotting. For immunoblotting, cells or tissues were lysed in RIPA buffer
(50 mM Tris, pH 8, 250 mM NaCl, 0.05% SDS, 0.5% DOC, 1% NP-40). Histone
fractions were prepared with standard acid extraction (0.2 N HCl). Cell lysates or
histone fractions were separated on SDS–PAGE (SDS–polyacrylamide gel elec-
trophoresis) gels. Antibodies used were mouse monoclonal antibodies against Gli1
(#2643, Cell Signalling), HA (HA-7, Sigma), GAPDH (G9545, Sigma), H3K27me3
(#39536, Active Motif), H3H4me3 (ab8580, Abcam), H3K27Ac (ab4729, Abcam),
histone H3 (ab1791, Abcam), Myc (9E10, Bishop), EZH2 (612667, BD Bios-
ciences), SUZ12 (#3737, Cell Signalling) and FLAG (F1804, M2, Sigma). HRP-
conjugated secondary antibodies were purchased from Jackson Immunology.
Uncropped immunoblots are shown in Supplementary Fig. 17.

Immunohistology and in situ hybridization. Timed mouse pregnancies were
determined by plugging date as day 0.5. Haematoxylin and eosin (H&E) staining
and immunostaining were performed on paraffin sections. Antibodies used were
against Olig2 (AB9610, Chemicon), NKX2.2 (74.5A5-s, DSHB, University of Iowa),
FoxA2 (4C7-s, DSHB, University of Iowa), EZH2 (#3737, BD Bioscience),
H3K4me3 (C42D8, Cell Signaling) and H3K27me3 (07-449, Millipore). The images
were visualized using an Olympus BX50 microscope. In situ hybridization analyses
were performed as described previously12 on cryosections (P5 cerebellum) or
paraffin sections (E10.5 neural tubes). The Ptch1 and Jmjd3 probes correspond to
nucleotides (nts) 850–1,637 and nts 925–1,720 of their cDNAs, respectively.

Co-immunoprecipitation experiments. Antibodies were against the HA-tag
(ab9110, rabbit, Abcam) or FLAG-tag (F2426, M2 beads, Sigma). Shh-responsive
NIH3T3 cells were transiently transfected with plasmids expressing HA- or FLAG-
tagged proteins using PolyJet (Signagen). Mock transfection was used as the
negative control. Cells were harvested 24–48 h after transfection and were lysed
with co-IP Lysis Buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, with protease inhibitor freshly added). Cell lysates were snap-frozen
in liquid nitrogen and then thawed on ice followed by sonication to facilitate cell
lysis. After centrifugation, appropriate antibodies were added to pre-cleared cell
lysate and incubated at 4 �C overnight. Samples were incubated with protein A
beads (GE Healthcare) for 1 h; beads were washed with co-IP buffer four times.
Precipitated proteins were eluted by boiling in 2� Sample Buffer before SDS–
PAGE and western blot analysis. For l-phosphatase treatment, 400 U of enzyme
(Sigma) was added to cell lysates followed by 30 min incubation at 37 �C.

Chromatin immunoprecipitation. ChIP experiments were performed as described
previously12. Dissociated cells were crosslinked with PFA or double crosslinked
with DSG (Pierce) and PFA, and sonicated to fragments (200–1,000 bp).
Antibodies used were against H3K27me3 (07-449, Millipore), H3K4me3 (ab8580,
Abcam), H3K27Ac (ab4729, Abcam), histone H3 (ab1791, Abcam), SUZ12 (#3737,
Cell Signaling), EZH2 (612667, BD Bioscience), Jmjd3 (ab85392, Abcam)70, WDR5
(A302-429A, Bethyl Laboratories), HA (ab9110, Abcam) and FLAG (F1804, M2,
Sigma). Rabbit IgG was used as a negative control. Precipitated DNA was purified
and subjected to real-time PCR.

RT–PCR and q-PCR. RNAs from cells or tissues were extracted with TRIZOL
(Invitrogen) or the RNeasy kit (Qiagen). cDNAs were synthesized by reverse
transcription using Superscript III (Invitrogen), followed by PCR or quantitative
PCR analysis. An ABI-7500 real-time PCR system was used for quantitative PCR.
Levels of GAPDH mRNA were used to normalize input RNA. Graphics shown are
representative of experiments performed in triplicate. Experiments were repeated
for at least three times. Standard errors were calculated according to a previously
described method12. The primer sequences are listed in the Supplementary
Information.

Statistical analysis. Data are expressed as means±s.d. Statistical analysis was
performed by either analysis of variance with ANOVA post hoc t-test for multiple
comparisons or a two-tailed unpaired Student’s t-test. A P value of o0.05 was
considered significant.
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